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This study aims to provide new insights into the lithotectonic evolution of the Buem structural 
unit (BSU), its relationship to the Pharusian suture zone (PSZ) as well as the significance of 
the BSU in the Pan-African Dahomeyide belt at the south-eastern margin of the West African 
Craton (WAC) and to a larger extent the West Gondwana Orogen (WGO) along the eastern 
margins of the WAC and Amazonian Craton. To achieve this, integrated studies, involving 
field mapping, detailed petrographic and structural analyses, processing of airborne 
geophysical data, geochemical analysis including radiogenic isotope, and geochronological 
studies, were done. A new lithotectonic map for the BSU was produced from field data and 
interpretation of regional airborne geophysical data. Rocks of the BSU include, from bottom 
to top: intercalated slate and metasandstone, serpentinised peridotite, gabbro, volcanic rocks, 
including pillow and massive lavas and pyroclastic rocks, chert, carbonate, and sandstones with 
shale interbeds. Integrated field mapping and interpretation of regional aeromagnetic and 
airborne radiometric data together with Shuttle Radar Topography Mission (SRTM 3) data 
reveal that the mafic-ultramafic rocks occur as tectonic slices within the BSU and mark the 
major thrust planes between the BSU and Togo structural unit, and BSU and Voltaian 
Supergroup.  
Detailed structural analysis highlights three major deformation events within the BSU. The 
main deformation event D2 has completely transposed previous tectonic and metamorphic D1 
fabrics and has caused the development of a N-S-striking steep S2 tectonic foliation which is 
axial planar to F2 tight, isoclinal and chevron folds. Down-dip ENE-plunging L2 lineation 
within sigmoidal D2 shear zones within the sandstone, shale and serpentinised peridotite reveals 
a top-to-the west thrusting and this means that the BSU is overthrust onto the WAC basement. 
This overthrusting is evident in the long-wavelength ENE-SWS-trending magnetic anomalies 
in the BSU that are continuous along trend with the regional structures of the WAC. D2 fabrics 
of the BSU are similar to those of the PSZ and Togo structural unit rocks. The similarity of D2 
fabrics has been interpreted as being due to shared tectonic processes in the three domains. 
Thus, an E-W shortening phase, corresponding to Pan-African convergence processes, 
continental subduction and continent-collision between the WAC and Benino-Nigerian Shield 
(BNS), has been inferred for the D2 deformation. A change in the regional E-W shortening to 
NNW-SSE shortening during the transition from continental subduction to continent-continent 




Depositional setting and provenance indicators suggest that the sedimentary rocks of the BSU 
are correlative to those of the Togo structural unit and the Voltaian Supergroup and thus were 
formed in the same passive margin setting, with similar provenances. Overall, the external 
zone, i.e. BSU, Togo structural unit and Voltaian Supergroup of the Dahomeyide belt 
comprises two main sedimentary deposit types: passive margin and foreland basin, with three 
potential provenances: WAC, BNS and Amazonian Craton. Passive margin sequences 
dominate over foreland sequences in the BSU.  
Geochemical data including radiogenic isotope ratios have established two main lavas types 
within the BSU (Mid-oceanic ridge basalt (MORB)- and Ocean Island basalt (OIB)-types 
which were formed at different depth by different degrees of partial melting of depleted mantle 
sources. Lower degrees of partial melting at greater depth characterise the OIB-type and higher 
degrees of partial melting at shallower depth for the MORB-type. The lithological association 
of the volcanic rocks together with their geochemical characteristics suggests the formation of 
oceanic lithosphere (MORB-type) and seamount (OIB-type) in an oceanic spreading ridge as 
opposed to an incipient continental rift zone. Hence, the BSU reveals a rifting-seafloor 
spreading history before Pan-African subduction and continent-continent collision at the south-
eastern margin of the WAC. Based on geochemical and isotopic data, a clear relationship can 
be argued to exist between the BSU mafic suite and the PSZ MORB-type high-pressure (HP) 
rocks. Hence the BSU and the PSZ MORB-type HP rocks represent parts of the Pharusian 
oceanic lithosphere formed during the opening of the Pharusian Ocean and accreted during 
Pan-African subduction and collision. The low-grade metamorphism of the BSU, as opposed 
to the PSZ, implies the BSU was originally part of the accretionary wedge of the Dahomeyide 
belt and accreted onto the WAC during the Pan-African plate convergence processes.  
The tectonic framework, lithological associations, structural relationships, geochemical 
characteristics and geochronological data of the BSU, PSZ, Togo structural unit and Voltaian 
Supergroup suggest a geodynamic evolution of the Dahomeyide belt consistent with obduction 
of oceanic lithosphere and incorporation of tectonically inverted passive margin sedimentary 
sequences into an accretionary wedge, and foreland basin development due to Pan-African 
subduction. This was followed by overthrusting of the accretionary wedge onto the lower plate 
WAC basement and exhumation of HP rocks between the accretionary wedge and upper plate 
due to continent-continent collision during the Pan-African orogeny. 
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1.1.BACKGROUND OF THE STUDY 
The Gondwana supercontinent, which was located in the southern hemisphere, began to 
assemble during the initial rifting stages of preceding Rodinia supercontinent (Hoffman, 1991; 
Rogers, 1995; Trompette, 2000). The Gondwana supercontinent is proposed to have 
amalgamated between 800 and 540 Ma and existed until ~170 Ma (Hoffman, 1991; Rogers, 
1995; Trompette, 2000). The assembly of Gondwana resulted from the Neoproterozoic Pan-
African orogeny (e.g. Trompette, 2000; Kröner and Stern, 2005). Networks of variably 
diachronous Pan-African-Brasiliano orogenic belts formed during the Pan-African orogeny 
(Trompette, 2000; Deynoux et al., 2006). One of such orogenic belts is the ~4000 km long 
West Gondwana Orogen (WGO) located at the eastern margins of the West African and 
Amazonian cratons (Fig. 1.1a: Caby, 2003; Cordani et al., 2013; Ganade de Araujo et al., 
2014a). The West Gondwana Orogen formed when the conjoined West African and Amazonian 
cratons converged and collided against the Saharan Metacraton and São Francisco Craton 
resulting from the closure of the Pharusian Ocean (Caby, 2003; Cordani et al., 2013; Ganade 
de Araujo et al., 2014a). The West Gondwana Orogen comprises four main segments: the 
Pharusian and Dahomeyide belts to the northeast and southeast of West Africa respectively, 
and the Borborema Province and Brasília belt respectively to northeast and centre of Brazil 
(Fig. 1.1a; Ganade de Araujo et al., 2014a, 2016). 
The Dahomeyide belt extends from the south-eastern coast of Ghana to Togo and Benin, and 
formed during the closure of the Pharusian Ocean, inversion of passive margin sequences, 
accretion of magmatic arcs and eventual collision of the West African Craton (WAC) with the 
Benino-Nigerian Shield (BNS; Attoh, 1998; Agbossoumondé et al., 2004; Duclaux et al., 2006, 
Attoh et al., 2013; Ganade de Araujo et al., 2014a). The Dahomeyide belt is marked by a well-
defined suture zone (Pharusian suture zone (PSZ)) with preserved relict ophiolitic remnants, 
the fragments of the Pharusian oceanic lithosphere, consisting of ultrahigh-high pressure 
U(HP) mafic granulite gneiss and eclogite, and weakly metamorphosed mafic and ultramafic 
rocks (Attoh, 1998; Attoh and Morgan, 2005; Duclaux et al., 2006; Attoh and Nude, 2008). 





Figure 1.1: (a) Map of Africa and South America showing the West Gondwana Orogen (after Ganade de Araujo et al., 2016), and (b) the 
geological map of the Dahomeyide belt (after Duclaux et al., 2006).
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The Dahomeyide belt can be divided into three lithotectonic zones based on age, lithology, and 
deformation (Attoh, 1982); from west to east the external (Voltaian Supergroup, Buem and 
Togo structural units, and Ho gneisses), PSZ and internal zone (Fig. 1.1b). 
The Buem structural unit (BSU) occurs about 50 km west of the Pharusian suture zone (PSZ) 
and it is separated from it by the Togo structural unit, which is composed of inverted passive 
margin siliciclastic sedimentary rocks (Fig. 1.1; Attoh et al., 1997; Ganade de Araujo et al., 
2016; Anani et al., 2019). The BSU is characterised by the occurrence of low grade 
metamorphosed sedimentary, mafic volcanic and mafic-ultramafic plutonic rocks (Fig. 1.2; 
Affaton et al., 1997; Nude et al., 2015; Kwayisi et al., 2017). However, the tectonic processes, 
origin, and geodynamic evolution of the BSU is a matter of continuing debate, and its 
relationship to the PSZ of the Dahomeyide belt is unknown. The mafic-ultramafic rocks within 
the BSU have either been interpreted as a remnant of oceanic lithosphere (either related or 
unrelated to the Pharusian oceanic lithosphere; Burke and Dewey, 1972; Affaton et al., 1997; 
Asiedu et al., 2008; Nude et al., 2015; Kwayisi et al., 2017) or a product of intraplate 
magmatism unrelated to the formation of oceanic lithosphere (Jones, 1990; Ghana National 
Geological Mapping Project, 2009). In addition, the correlation of the sedimentary rocks of the 
BSU with those of the Togo structural unit and Voltaian Supergroup is poorly constrained.  
Outstanding issues about the BSU include: 
(1) The period of its formation, i.e. whether it predates or is coeval with the Pan-African 
orogeny.  
(2) The geodynamic processes of its formation and emplacement.  
(3) Its relationship to the PSZ of the Dahomeyide belt.  
These debatable issues are a result of the lack of proper documentation of the 
tectonostratigraphic evolution of the BSU as well as the lack of robust isotopic and 
geochronological constraints. In addition, there are almost no detailed petrological and 
structural studies of the BSU. Scanty geochemical studies on the BSU have yielded contrasting 
interpretations about its origin and evolution. This study, thus, seeks to use a multiscale 
approach to integrate structural, petrological, geochemical, isotopic, and geochronological data 
from key units within the BSU to establish its origin within the Dahomeyide belt, and to 




Figure 1.2: Geological map of the Buem structural units (extracted from the 1:1000000 
geological map of Ghana). 
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The main objectives of this research are: 
(a) To use detailed geological mapping and interpretation of regional geophysical data to 
establish the tectonostratigraphic sequence and structural relations of the various units 
of the BSU. 
(b) To identify the tectonic setting, evolution, and geodynamic processes the BSU has 
experienced using an integrated geophysical, petrological, structural, and geochemical 
approach including radiogenic isotopes of the various units. 
(c) To compare the BSU with the Pharusian suture zone to establish their possible 
relationship.  
(d) To correlate the BSU with the known passive margin sequences of the Dahomeyide 
belt.  
(e) To establish the origin of the BSU within the Pan-African orogeny and propose a 
conceptual model for its evolution. 
(f) To fit the BSU into a geodynamic evolution model of the Pan-African orogeny and the 
assembly of the Gondwana supercontinent. 
 
1.2. SCOPE OF THE STUDY 
An integrated and multiscale approach involving geophysical, petrographic, structural, 
geochemical, isotopic, and geochronological studies were employed to understand the 
lithotectonic evolution of the BSU and its relationship to the PSZ. Two geological field 
mapping campaigns from December 2017 to January 2018 and December 2018 to February 
2019 were carried out. Three hundred and thirty field observations and about 202 structural 
measurements were made. About 250 rock samples were collected for laboratory work. The 
field mapping and sampling were generally along five E-W transect lines which run through 
the northern, central, and southern parts of the BSU. The fieldwork was critical to this study as 
it helped establish the distribution of rocks in the BSU, identification of geological structures, 
and the establishment of the lithostratigraphic sequence and their relationships. The mapping 
aided in the ground-truthing of interpretations made from the airborne potential magnetic field, 
Shuttle Radar Topography Mission (SRTM 3) and radiometric geophysical data of the entire 
area covered by the BSU in Ghana. The tectonostratigraphic sequence and structural relations 
of the various units of the BSU were established through the integration of the field and 
geophysical data.   
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Seventy thin sections of rock samples were prepared for petrographic work. The petrographic 
work aided in obtaining detailed information regarding the composition, mineralogy, mineral 
paragenetic history, overprinting relations between different sets of structures, as well as in 
assigning the appropriate rock names to the rocks observed in the field. The chemical 
compositions of selected minerals from 14 samples were determined using the Electron probe 
micro-analyser (EPMA; CAMECA SX100). Forty-two samples of Buem mafic suite and 
sedimentary rocks were crushed and milled for major and trace elements and Nd-Hf isotopic 
analyses. The major and trace elements and Nd-Hf isotopes were determined using the X-Ray 
Fluorescence spectrometer (XRF; Philips Panalytical MagiX Pro), Inductively coupled plasma 
mass spectrometry (ICP-MS; Perkin Elmer NexION 300D) and Multi-collector inductively 
coupled plasma mass spectrometer (MC-ICP-MS; Nu Plasma II instrument) facilities, 
respectively. XRF and ICP-MS analyses were done at the Spectrum Analytical Facility, 
University of Johannesburg, South Africa whereas the MC-ICP-MS analysis done at the MC-
ICP-MS laboratory at the University of Johannesburg, South Africa. These analyses were done 
in order the constrain the origin, source, and environment of formation of the mafic suite and 
provenance and depositional setting of the sedimentary rocks. Six sandstone samples were 
analysed for U-Pb zircon age and Lu-Hf-in zircon isotope composition. The MC-ICP-MS Nu 
Plasma II instrument was used for the U-Pb and Lu-Hf-in zircon isotope composition analyses, 
at the University of Johannesburg, South Africa.  
 
1.3. THESIS OUTLINE  
The thesis is presented in seven chapters. Chapter one deals with the general introduction. Two 
review chapters (chapters two and three) synthesise the knowledge and current concepts of 
ophiolites and the Pan-African orogeny, respectively. Data that address the aims and objectives 
of the study are presented in chapters four to six. Because each chapter is designed as a stand-
alone manuscript, they each require general background and geological information. Chapter 
four was submitted for publication in the Precambrian Research in August 2019 and was 
published in March 2020. Chapter seven presents the synthesis of the objectives and finding of 





1.3.1. Chapter 2: Review of definition, classification, genesis, and emplacement 
mechanisms of ophiolites  
By definition, ophiolites are remnants of ancient oceanic crust and upper mantle tectonically 
emplaced into margins of continental crust or island arcs (Dewey and Bird, 1971; Coleman, 
1977; Nicolas, 1989) through the collision between continents or between island arcs and 
continents (Dilek and Flower, 2003). At the Penrose Conference of 1972, it was proposed that 
a typical ophiolite sequence consists of upper mantle peridotites at the bottom, overlain by 
ultramafic rocks, a gabbro complex, sheeted dykes, and finally extrusive rocks at the top of the 
sequence (Anonymous, 1972). The 1972 Penrose Conference definition of ophiolites, however, 
does not reflect the actual heterogeneity in ophiolite compositions and occurrences (Dilek and 
Furnes, 2011). One issue has to do with the presence or absence of sheeted dykes within the 
stratigraphic sequence of ophiolites as only about 10% of ophiolites in the geological records 
contain a complete Penrose-stratigraphic succession (van Hinsbergen et al., 2015). In this 
chapter, the definition, classification, genesis, and mechanism of emplacement of ophiolites 
are discussed. 
1.3.2. Chapter 3: Review of the Pan-African Dahomeyide Belt, South-eastern margin 
of the West African Craton 
The Gondwana supercontinent assembled through mutual convergence of several continental 
fragments, and formation of a network of cross-cutting orogenic mobile belts such as 
Dahomeyide, Pharusian, Anti-Atlas, Bassaride, Rockelite and Mauritanide, West Congolain, 
Damara, Zambezi and Mozambiquian belts during the Neoproterozoic Pan-African orogeny 
(Trompette, 1997; Caby, 2003; Kröner and Stern, 2005). The Pan-African orogeny is time 
equivalent with the Cadomian orogeny in western and central Europe, the Baikalian and the 
early Central Asian Orogenic belt in Asia (e.g. Kröner and Stern, 2005; Linnemann et al., 2008; 
Burianek et al., 2017). Black and Liégeois (1993), have indicated that the Pan-African orogen 
can be compared in scale to the currently active Alpine-Himalayan-Circum Pacific Orogenic 
belt. This chapter presents an exhaustive account of the current knowledge on the Pan-African 
Dahomeyide belt, highlighting the major problems this study seeks to address. 
 
1.3.3. Chapter 4: The tectonostratigraphic succession and evolution of the Buem 
structural unit of the Pan-African Dahomeyide belt, West Africa 
The tectonostratigraphic succession and evolution of the rocks of the BSU within the 
Dahomeyide belt are debatable. Different workers have proposed different stratigraphic 
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divisions for the BSU because of folding and thrust faulting. For example, Simpara and 
Trompette (1985) divided the BSU into eastern deformed and metamorphosed (greenschist 
facies) units and western relatively undeformed and unmetamorphosed units. Bell (1961) and 
Bozhko (1969) divided the BSU into two, proposing an upper and a lower Buem series. Junner 
(1940) and Affaton (1990) on the other hand, distinguished four groups of rocks within the 
BSU. These are (a) argillaceous, (b) arenaceous, (c) jasper, and (d) basic rock groups. Instead 
of four groups, Blay (1991) divided the BSU into five main groups, i.e. from bottom to top, 
basal conglomerate, arenaceous, argillaceous, jasper, and volcanic groups. Jones (1990) 
suggested that the BSU formed in a continental rift zone and thus does not support the Pan-
African oceanic accretion and collision. Conversely, the presence of ductile and brittle 
deformational features such as folds, imbrication, thrust, nappe stacking and sedimentary cover 
decollement suggest that the BSU underwent a major thrusting event under ductile and brittle 
conditions during the Pan-African collisional event (Affaton et al., 1997). Therefore, this 
chapter presents detail fieldwork and structural studies of the BSU, together with the 
interpretation of airborne geophysical data, and qualitative restoration of orogenic structures, 
to establish the tectonostratigraphic succession and evolution of the BSU. 
1.3.4. Chapter 5: Evolution of the external zone of the Dahomeyide belt: Constraints 
from geochemistry, and U-Pb zircon data from the Buem sandstone and shale 
Based on geochemical studies of the sandstones from the upper and lower parts of the BSU, 
Osae et al. (2006) suggested that the sandstones of the BSU were deposited in a passive margin 
setting and received detritus from the WAC. In contrast, Kalsbeek et al. (2008) suggested that 
most of the detritus for the sandstones of the BSU came from the Amazonian Craton, based on 
the abundance of U-Pb detrital zircon age fractions between 1700 and 1000 Ma from the upper 
and lower parts of the BSU. Ganade de Araujo et al. (2016) inferred that the uppermost section 
of the BSU siliciclastic rocks formed as foreland deposits with detritus originating from the 
Benino-Nigerian Shield (BNS), i.e. leading western edge of the Sahara Metaraton, based on 
the significant proportion of detrital zircon U-Pb ages of 900 – 600 Ma, which is absent on the 
WAC. These preliminary studies suggest that the tectonostratigraphic evolution of the BSU 
possibly records temporal variations in the provenance of the sediments (WAC, Amazonian 
Craton, BNS), and competition between different sources at the same time (WAC vs 
Amazonian Craton). They also highlight the need for a detailed geochemical and provenance 
investigation of the entire BSU for constraining (i) the crustal evolution of the proto-source (s), 
(ii) connection with the Amazonian Craton, (iii) tempo of tectonic inversion from rifting to 
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convergence, (iv) and the overall geodynamic evolution of the external zone of the 
Dahomeyide belt. This chapter thus presents in addition to detrital U-Pb ages for the entire 
BSU, the first Lu-Hf isotope compositions of the sandstone and whole-rock geochemical data 
of shale from the BSU.  
1.3.5. Chapter 6: Geochemical and Nd-Hf isotope compositions of the Buem mafic suite: 
Evidence for the formation of true oceanic lithosphere at the eastern margin of the 
West African Craton  
The significance of the well-preserved, weakly metamorphosed, mafic volcanic and mafic-
ultramafic plutonic rocks within the BSU, occurring about 50 km west of the PSZ is elusive. 
Two possibilities exist for the origin of the BSU mafic volcanic and mafic-ultramafic plutonic 
rocks in the Dahomeyide belt: they represent either (1) a pre-Pan-African orogeny 
autochthonous oceanic lithosphere in a separate ocean basin from the Pharusian Ocean or (2) 
a fragment of an allochthonous Pharusian oceanic lithosphere incorporated into the 
accretionary wedge of the Dahomeyide belt. In the latter scenario, the BSU rocks should be 
similar to the MORB-type HP rocks of the PSZ. This chapter thus presents new major and trace 
element geochemical data and the first Sm-Nd and Lu-Hf isotopic data for the mafic suite of 
the BSU in Ghana. The BSU data are compared with representative data for igneous rocks from 
known tectonic settings such as mid-oceanic ridges (Mid-Atlantic Ridge), oceanic islands 
(Hawaii Islands), island arcs (Tonga), seamount, continental rift zone, and oceanic plateaus 
(Ontong Java) to determine the most likely tectonic setting for the BSU. Finally, the possibility 
that the BSU may represent a true oceanic lithosphere formed during the seafloor spreading 
stage of the Pharusian oceanic basin along the south-eastern margin of the WAC is discussed.  
1.3.6. Chapter 7: Discussion, conclusions, and recommendations 
In this chapter, a synthesis of the objectives and findings of this thesis are discussed. Firstly, 
the structural and tectonic implications of the BSU to the evolution of the Dahomeyide belt are 
presented. Then the significance of the BSU in the overall geodynamic evolution of the 
Dahomeyide belt in particular and the West Gondwana Orogen as a whole are highlighted, 
emphasising on the development of a 2500 km continental margin-type ophiolite, passive 
margin sequences and foreland basin formation. Finally, the significance of the findings to the 
paleogeographic reconstruction of West Africa and South America in Gondwana, and the pre-
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A REVIEW OF DEFINITION, CLASSIFICATION, GENESIS, AND 
EMPLACEMENT MECHANISMS OF OPHIOLITES 
 
2.1. INTRODUCTION 
Ophiolites have been recognised since the beginning of the 20th century, as a major part of 
orogenic belts (e.g. Moores, 2002). They are a distinctive association of rocks that occur as 
curvilinear zones in orogenic belts (Dilek, 2003). Ophiolites are assemblages of mafic and 
ultramafic rocks of similar ages, formed in distinct tectonic settings that occur in association 
with metamorphic and sedimentary rocks (Robinson and Zhou, 2008). Ophiolites are important 
features in recognising ancient suture zones, providing key information regarding the 
lithotectonic, different phases of melting and magmatic differentiation processes related to 
previous oceanic basins in specific tectonic settings (Burke et al., 1977; Robinson and Zhou, 
2008; Dilek and Furnes, 2011). Robinson and Zhou (2008) described them as records of 
lithospheric accretion and obliteration, mantle dynamics, and tectonic plate collisions of 
ancient oceanic basins. Ophiolites, therefore, preserve both the constructive and destructive 
evolution of ocean basins from their opening (rifting and seafloor spreading) to final closure 
(subduction and collision; Dilek and Furnes, 2014).  
By definition, ophiolites are remnants of ancient oceanic crust and upper mantle tectonically 
emplaced into margins of continental crust or island arcs (Dewey and Bird, 1971; Coleman, 
1977; Nicolas, 1989) through the collision between continents or between island arcs and 
continents (Dilek and Flower, 2003). Alternatively, they are described as an interaction 
between a ridge and a trench (Cloos, 1993; Lagabrielle et al., 2000), or subduction-accretion 
complexes (Cawood et al., 2009). A typical ophiolite sequence comprises variably altered 
oceanic crust occurring together with marine sediments and parts of the mantle. Ophiolites 
define major boundaries between amalgamated plates or accreted terranes as they occur in 
suture zones of both collisional-type (Alpine, Himalayan, Appalachian) and accretionary-type 
(North American Cordilleran, Central Asian Orogenic Belt) orogenic belts (Sengor and 
Natal’in, 2004; Lister and Forster, 2009).  
Since there is no known oceanic lithosphere older than 170 Ma in modern oceans, ophiolites 
preserve the only record for magmatic, tectonic, and hydrothermal processes of older oceanic 
lithosphere (Dilek and Furnes, 2014). Hence, ophiolites have been used to understand rift-drift 
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and seafloor spreading processes, mantle geochemistry, palaeogeography of older ocean 
basins, and lithotectonic evolution of orogenic belts (e.g. Robinson and Zhou, 2008; Dilek and 
Furnes, 2011; Kusky et al., 2011; Nicolle et al., 2016). Stern (2005) indicated that two modes 
of lithospheric movements are manifested by ophiolites, which are seafloor spreading and 
obduction.  
Ophiolites have long been thought to have formed in a mid-oceanic ridge setting, a view 
supported by the occurrence of sheeted dyke complexes, fossil magma chambers in plutonic 
sequences and refractory harzburgites in mantle units (Dilek, 2003). However, the increasing 
discoveries of abundant boninites and other arc-related rock assemblages spatially and 
temporally associated with ophiolite sequences have resulted in the general acceptance that 
ophiolites assembled or formed in Supra-subduction zone environments (Pearce et al., 1984; 
Shervais, 2001; Pearce, 2003; Robinson and Zhou, 2008). Hence, according to Moores (2002) 
“ophiolites represent oceanic crust and mantle formed at spreading centres and emplaced onto 
continental or island-arc margins. Possible settings for such centres in the modern oceans where 
oceanic crust is produced include mid-ocean ridges, pull-apart intra-arc basins, fore-arcs of 
incipient island arcs, and back-arc basins”.  
 
2.2. DEFINITION OF OPHIOLITES 
The term ophiolite is derived from two Greek words “ophio” meaning “snake” and “lithos” 
which means “rock”. Therefore, ophiolite means “snake-like rock”; and this stems from the 
brilliant green, snake-like serpentinite minerals found in rock sequences formed in altered 
oceanic crust and the mantle. Though ophiolites are generally rare, they are found throughout 
the world (e.g. Cyprus, the north-western United States of America, the Alps, Papua New 
Guinea, and Oman; Furnes et al., 2014).  At the Penrose Conference of 1972, it was proposed 
that a typical ophiolite sequence consists of upper mantle peridotites at the bottom, overlain by 
ultramafic rocks, a gabbro complex, sheeted dykes, and finally extrusive rocks at the top of the 
sequence (Anonymous, 1972). The ultramafic rocks comprise variably serpentinised amounts 
of harzburgite, lherzolite and dunite (Dilek and Furnes, 2014). Layered, cumulates and 
isotropic gabbros comprise the gabbro complex with the sheeted dykes consisting mostly of 
diabase. The layered ultramafic and mafic rocks form a transitional mantle-crust section, which 
corresponds to the petrological Moho in the fast-spreading (>9 cm.yr-1 spreading rate) modern 
oceanic lithosphere (Dilek and Furnes, 2011, 2014). These authors explained that in ophiolites, 
the fossil Moho might differ significantly: whereas it may represent a major tectonic 
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discontinuity in many ophiolites, it represents an alteration front in others. Nevertheless, the 
fossil Moho in some ophiolites represents nearly a km-thick transition (mostly harzburgites) 
zone similar to the Moho in the slow-spreading (1 – 5 cm.yr-1 spreading rate) modern oceanic 
lithosphere (Dick et al., 2006). Compositionally diverse rock types ranging from bottom basalts 
and basaltic andesites, through dacites and rhyolites at the top, make up the extrusive rocks 
(Dilek and Furnes, 2011, 2014). These rocks occur as pillow lavas, pillow breccias and massive 
lava flows (Dilek and Furnes, 2011, 2014).  
The 1972 Penrose Conference definition of ophiolites does not reflect the actual heterogeneity 
in ophiolite compositions and occurrences (Dilek and Furnes, 2011). Penrose’s typical 
ophiolite sequence has been considered as an analogue to a typical oceanic crust formed at 
oceanic spreading centres (Moores, 2002), nonetheless, with several inconsistencies.  
1. The Penrose conference’s definition does not include the occurrence of sedimentary 
rocks (including radiolarian cherts, or terrigenous sediments) which provides the best 
evidence to the tectonic setting of formation of ophiolites (Dilek and Furnes, 2014). 
Pelagic, hemipelagic and clastic sedimentary rocks are now known to typically overlie 
the extrusive rocks, which record the travel history of the oceanic crust from the ridge 
to trench (Moores, 2002).  
2. Another issue has to do with the presence or absence of sheeted dykes within the 
stratigraphic sequence of ophiolites. Depending on the environment of formation, many 
ophiolites are incomplete or tectonically dismembered successions, where sheeted 
dykes may not be present or are very rare (Figs. 2.1 and 2.2; Moores, 2002; Dilek and 
Furnes, 2011). Only about 10% of ophiolites in the geological records contain a 
complete Penrose-stratigraphic succession (van Hinsbergen et al., 2015). The presence 
or absence of sheeted dykes may be related to the rate of rifting and magma supply. 
Karson (2001), Macdonald (1998) and Moores (2002) indicated that ophiolites which 
formed in fast-spreading or magma-rich centres generally have a complete sequence 
(i.e. the occurrence of sheeted dykes, hence, Penrose-like ophiolite, Fig. 2.1a). 
Examples of fast-spreading or magma-rich centres include the East Pacific Rise or the 
Reykjanes Ridge (Moores, 2002). On the other hand, ophiolites assembled or formed 
in a slow-spreading centre including the Mid-Atlantic or the Southwest Indian Ridges 
lack sheeted dykes, hence, may be incomplete (Fig. 2.1b, e.g. Lagabrielle et al., 1998; 
Moores, 2002). In hotspot environments (i.e. oceanic plateau), ophiolites may contain 
sills that are highly differentiated with a very thick sequence of extrusive sections 
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(Moores, 2002). These might be emplaced upon pre-existing oceanic crust (Fig. 2.1d) 
(Moores, 2002). 
 
Figure 2.1: A schematic diagram of different ophiolite sequences from various tectonic 
environments (after Kusky et al., 2013). (a) A complete “Penrose-like” ophiolite formed at fast-
spreading centres, (b) a typical ophiolite sequence in the slow-spreading centres, (c) typical 
ophiolite sequence in intra-arc setting, (d) an intraplate (oceanic plateau) type ophiolite 
sequence, and (e) transition zone ophiolite sequence. 
 
3. The Penrose Conference definition of ophiolites suggests that extrusive rocks directly 
overlie sheeted dykes. Nevertheless, observations made from Jurassic ophiolites of the 
Western Mediterranean region have revealed that the extrusive rocks unconformably 
overlie mafic-ultramafic plutonic rocks (Fig. 2.2, e.g. gabbros or peridotites; Apennines 
and Alps;  Desmurs et al., 2002; Moores, 2002; Robertson, 2007). 
4. Most ophiolites have an average thickness of ~3 km (Nicolas et al., 2000). However, 
this does not correspond to the thickness of modern oceanic lithosphere, which is about 
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7 km thick on average (Moores, 2002). This poses a problem in representing ophiolites 
as an analogue for the oceanic lithospheric crust formed at spreading centres. 
Considering all these inconsistencies, Robertson (2002), and Dilek and Furnes (2011, 2014) 
define ophiolites as a temporal and spatial association of tectonically displaced fragments of 
upper mantle and oceanic lithospheric rocks from its original environment of formation. The 
lithological sequence and internal structure of ophiolites may depend on the rate of spreading, 
plume(s) or trench proximity, the temperature of the mantle, mantle fertility and fluid 
availability (Dilek and Furnes, 2011). A typical sequence of ophiolites would include from 
bottom to top, ultramafic rocks (usually serpentinised lherzolite, harzburgite and dunite), 
isotropic, cumulate, and/or layered gabbroic rocks, the presence or absence of sheeted dykes, 
overlain by extrusive rocks (mainly basaltic), and maybe covered by pelagic/deep-sea 
sediments at the top (Fig. 2.3; Moores, 2002).  
Many ophiolites are underlain by a metamorphic sole, which is a thin (<500 m) thrust sheet of 
strongly deformed and metamorphosed rocks that stretches for greater than tens of km away 
from the obduction front (e.g. the metamorphic sole under the Semail ophiolite, Fig. 2.4; 
Cowan et al., 2014; van Hinsbergen et al., 2015). Metabasaltic rocks which generally show 
oceanic crust affinities and minor pelagic metasedimentary rocks comprise the metamorphic 
sole (Dewey and Casey, 2011; Cowan et al., 2014; van Hinsbergen et al., 215). The 
metamorphic sole is made up of anchimetamorphic rocks at the bottom followed upwards by 
greenschists and amphibolites with garnet-amphibolites or granulites occurring at the top (Fig. 
2.4; e.g. Cowan et al., 2014; van Hinsbergen et al., 215). The metamorphic sole plays an 
important role in subduction and the initial emplacement of ophiolites (Cowan et al., 2014; van 
Hinsbergen et al., 215).  
2.3. DEVELOPMENT OF THE CONCEPT OF OPHIOLITE GENESIS  
Ophiolite genesis is a complex process that may reflect the interplay of both the assembly of 
supercontinent through collisional processes and the formation of plumes due to the subduction 
of slabs deep into the lower mantle (Dilek, 2003). The recognition of ophiolites within orogenic 
belts and general acceptance of ophiolite sequence as an analogue to oceanic crust facilitated 
the formulation of ophiolite as an analogue to oceanic lithosphere in the context of the new 
plate tectonic theory (Gass, 1968; Metcalf and Shevais, 2008; Dilek and Furnes, 2011, 2014). 
In the 1960s, ophiolites were thought to have formed or assembled at seafloor spreading 
centres, an idea derived from the occurrence of sheeted dyke complexes, alongside tabular 
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intrusions, refractory mantle units and fossil magma chamber in plutonic rocks (Dilek, 2003; 
Metcalf et al., 2008, Dilek and Furnes, 2011, 2014). Ophiolites were thus, assumed to represent 
the initial stages (i.e. rift-drift and seafloor spreading) of the Wilson cycle of oceanic basin 
evolution (Dilek, 2003).  
 
 
Figure 2.2: Ocean-continent transition zone ophiolite showing incomplete Penrose-sequence, 






Figure 2.3: Typical ophiolite sequence showing lithology and thickness based on the Semail 




Figure 2.4: A typical Semail ophiolite sequence showing the occurrence of a metamorphic 
sole: the enlarged image is a typical tectonostratigraphic sequence of a metamorphic sole (after 
Cowan et al., 2014) 
 
However, in the early 1980s, there was a new paradigm shift for ophiolite genesis upon the 
discovery of ophiolites with island arc geochemical signatures. This led Pearce et al. (1984) to 
propose the Supra-subduction zone (SSZ) environments for the formation of ophiolites at 
convergent plate boundaries (Metcalf and Shervais, 2008). Discussions on the development of 
evolutionary models, genesis, and tectonic implications of SSZ ophiolites have been presented 
by several authors (e.g. Shervais, 2001; Dilek, 2003; Dilek and Flower, 2003; Hawkins, 2003; 
Pearce, 2003). A shift of the temporal position for the formation of ophiolites from the initial 
stages of the Wilson cycles to closing stages came from the general acceptance of the 
association of ophiolite genesis with subduction zone settings (Moores, 2002). Thus, the 
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formation of ophiolites is related to the destructive stages (i.e. closure) of ocean basins before 
continent-continent collisions (Moores, 2002).  
The interpretation of ophiolite genesis within a SSZ setting has been challenged by Moores et 
al. (2000) who proposed the “historical contingency” model (Metcalf et al., 2008). Moores et 
al. (2000) suggested the “historical contingency” model as a model that resolves the “ophiolite 
conundrum” (i.e. the occurrence of arc geochemical signature in ophiolites supposedly formed 
at seafloor spreading centres). The “historical contingency” model argues that upper mantle 
previously modified by subduction components are sampled by most ophiolites formed at mid-
ocean ridges (Moores et al., 2000). This means that volcanic rocks with subduction signatures 
commonly associated with serpentinites are oceanic crust formed at slow-spreading centres 
(e.g. Western Mediterranean (Apennines)). On the contrary, oceanic crust and ophiolites which 
formed at fast-spreading centres (examples include Troodos and Oman ophiolites) are not 
associated with subduction signatures compared to slow-spreading centres and tend to be 
stratigraphically intact (Moores et al., 2000). 
Over the last three decades, intense research by many researchers including Nicolas (1989), 
Dilek (2003) and Metcalf and Shervais (2008) have shown that structural architecture, chemical 
fingerprints, and evolutionary paths of individual ophiolites, even within the same orogenic 
belt may be significantly different and this may reflect differences in the tectonic environments 
of formation. Ophiolites in accretionary complexes of ancient active margins comprise several 
fragments of oceanic crust and upper mantle rocks derived from different tectonic settings and 
scraped off from the upper plate during subduction (Metcalf and Shervais, 2008). These 
ophiolites occur in association with melanges and high-grade metamorphic rocks (Metcalf and 
Shervais, 2008). Therefore, the tectonic setting and emplacement mechanisms of ophiolites are 
highly diverse (Wakabayashi and Dilek, 2003). The genesis and type of ophiolites are 
controlled by the processes (tectonics, magmatism, and geochemical evolution) involved in 
their formation and the different mechanism of emplacement involved in their preservation 
(Dilek and Furnes, 2014). The variation in the tectonic settings of origin of ophiolites is 
reflected in the significant differences in their internal structure, stratigraphic sequence, and 
chemical fingerprints (Dilek, 2003). 
 
2.4. EMPLACEMENT MECHANISMS OF OPHIOLITES 
 “Emplacement” is a complex process considered to be responsible for the incorporation of 
ophiolites (fragments of fossil oceanic lithosphere) onto passive continental margins, island-
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arcs, or accretionary wedges (Wakabayashi and Dilek, 2003). The decoupling of oceanic crust 
and upper mantle from their primary tectonic setting of formation during convergence begins 
the process of ophiolite emplacement, which is terminated when this displaced oceanic crust 
and upper mantle are incorporated into orogenic belts (Searle and Cox, 1999; Wakabayashi 
and Dilek, 2003).  
Ophiolite obduction is the process whereby a passive continental margin or accretionary prism 
under-thrusts oceanic lithosphere leading to the emplacement of ophiolites (Dewey and Bird, 
1971, van Hinsbergen et al., 2015). The emplacement mechanisms of ophiolites involve either 
obduction onto the leading edge of partially subducted continental margins or exhumation 
within the accretionary wedge (Wakabayashi and Dilek, 2003). Whether ophiolites were 
derived from the lower plate or the upper plate posed a serious challenge to the emplacement 
mechanism of ophiolites (Wakabayashi and Dilek, 2003). The majority of researchers (e.g. 
Searle and Stevens, 1984; Wakabayashi and Dilek, 2003; van Hinsbergen et al., 2015), favour 
the emplacement of ophiolites from the upper plate of a subduction system, following the 
proposal of the concept of SSZ environments for the formation of ophiolites (e.g. Pearce et al., 
1984).  
The mechanism of emplacement of ophiolites (dense oceanic crust and upper mantle mafic-
ultramafic rocks) onto relatively less dense continental crust margins remains a fundamental 
problem of ophiolite emplacement, an enigma to ophiolite geologists (Wakabayashi and Dilek, 
2003; Searle et al., 2004; Agard et al., 2012; Cowan et al., 2014). Searle and Stevens (1984) 
indicated that the emplacement of some ophiolites might have partly resulted from gravity 
sliding from the upper plate; predominantly after collision-driven thrusting results in 
substantial uplift of the crust and the buildup of topography in the upper plate. However, 
emplacement by gravity sliding would require an extremely high topography on the seafloor 
and unlikely transport distances (Dewey, 1976; Moores, 1982; Wakabayashi and Dilek, 2003). 
The only location on earth where dense materials are observed to thrust over less dense material 
are subduction zones, which implies that emplacement of ophiolites may be spatially associated 
with subduction initiation (Wakabayashi and Dilek, 2003; Seale et al., 2004; Agard et al., 
2012). However, depending on which emplacement mechanism one favours, there are always 
some drawbacks. For example, emplacement of ophiolite by the initiation of subduction does 
not favour all types of ophiolites (Wakabayashi and Dilek, 2003; Dilek and Furnes, 2011, 
2014). Nonetheless, processes such as subduction, thrusting over a continental margin or 
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subduction-accretion complex, and subaerial exposure can be considered as crucial individual 
stages in ophiolite emplacement (Wakabayashi and Dilek, 2003: Figs 2.5 and 2.6). 
Wakabayashi and Dilek (2003) stated that the nature and geometry of the plate boundaries 
involved, the size and character of the interacting plates, the age, thickness, and thermal state 
of the oceanic lithosphere may cause variation in the mechanisms of ophiolite emplacement. 
One important plate tectonic driving force is the pull of sinking oceanic lithospheric slabs, and 
because of that, the emplacement of ophiolites can be envisaged as the dragging of a less dense 
material beneath the ophiolite by the sinking slab, not the thrusting of the ophiolite over less 
dense material (Wakabayashi and Dilek, 2003; Agard et al., 2012; Cowan et al., 2014). In most 
ophiolites, the origin and emplacement mechanisms are preserved in their metamorphic soles 
(Cowan et al., 2014). Metamorphic soles have been interpreted to mark the initial phase of 
obduction and subduction in an intra-oceanic arc setting (e.g. Wakabayashi and Dilek, 2003; 
Seale et al., 2004; Agard et al., 2012). Hence, the initial phase of the geodynamic evolution of 
convergent plate margins can be constrained from studying metamorphic soles (Lazaro et al., 
2013). 
Metamorphic soles in many ophiolites have contrasting geochemical signatures to the 
magmatic rocks of the ophiolites on top (Lazaro et al., 2013). For example, in the Semail 
ophiolites in the United Arab Emirates, Pindos and Evia ophiolites in Greece and the ophiolites 
in western Cyprus, the metamorphic soles are of Mid-Ocean ridge basalt (MORB) and 
Oceanic-Island basalt (OIB) affinities whereas the magmatic rocks of the ophiolites show SSZ 
geochemical characteristics (Spray and Roddick, 1980, Pearce et al., 1984; Searle and Cox, 
1999; Elitok and Droppel, 2008; Gartzos et al., 2009; Lazaro et al., 2013). The pressure-
temperature (P-T) conditions of the peak garnet-amphibolite or granulite metamorphism of the 
metamorphic sole are ~850 – 900˚C and ~10 – 15 kbar, suggesting a depth of ~30 – 45 km 
(Dilek and Whitney, 1997; Wakabayashi and Dilek, 2000; van Hinsbergen et al., 2015). 
Because the temperature of ~850 – 900˚C is much higher than that expected for a subduction 
geotherm at the corresponding pressure of ~10 – 15 kbar even for mature subduction zones, 
the metamorphic sole is thought to have formed during the few Ma of subduction initiation 
close to or at mid-oceanic ridge (van Hinsbergen et al., 2015). The pressures and corresponding 
depths of metamorphic sole usually far exceed the thickness of the overlying ophiolite and this 
may suggest that the metamorphic sole was exhumed before the emplacement of the ophiolites 
(e.g. van Hinsbergen et al., 2015; Mulder et al., 2016). This implies that metamorphic soles are 
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the first materials to be accreted at the base of the upper plate and hence, may provide important 
information regarding the evolution of an ophiolite from the initial stages of subduction to final 
emplacement onto a continental margin (e.g. Mulder et al., 2016). 
 
 
Figure 2.5: A schematic diagram for the emplacement of ophiolites onto continental margins 
(after Wakabayashi and Dilek, 2003). This diagram illustrates the case for Tethyan-type 
ophiolites; however, the principles can be applied to Cordilleran-type ophiolites emplacement 




Figure 2.6: This schematic diagram illustrates that the emplacement mechanism of ophiolites 
cannot be used to identify their tectonic setting of formation. No matter the tectonic setting of 
formation, ophiolite can be emplaced either onto a continental margin or subduction-accretion 
complex (Wakabayashi and Dilek, 2003). Colour scheme same as figure 2.5. 
 
2.5. CLASSIFICATION OF OPHIOLITES 
2.5.1. Classification based on the geodynamic setting of formation 
Global tectonics and magmatic events have been linked to the temporal and spatial occurrence 
of ophiolites (Dilek, 2003; Dilek and Furnes, 2011). Based on these, two broad categories of 
ophiolites were identified by Dilek and Furnes (2011). These are:  
i. Subduction-unrelated ophiolites – these correspond to the constructive stages (i.e. 
transition from rift-drift to seafloor spreading) of ocean crust formation, and  
ii. Subduction-related – these, on the other hand, are formed during the destructive stages 
(i.e. subduction and collision) of ocean crust formation, which may or may not have 
involved seafloor spreading (Table 2.1 and Fig. 2.7; Dilek and Furnes, 2011; Furnes et 
al., 2014).  
These two types of ophiolites are distinguished by major and trace element composition (Pearce 
et al., 1984; Dilek and Robinsons, 2003). A global synthesis of the distribution of ophiolites by 
Furnes et al. (2014) suggests that most ophiolites formed in the Phanerozoic (75%) and 
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Precambrian (85%) are subduction-related, with only a few being subduction unrelated. Five 
different types of ophiolites have been presented under these two broad categories of ophiolites 
(Dilek and Furnes, 2011). These are: 
i. Continental margin (CM)-type (subduction-unrelated) 
ii. Mid-ocean ridge (MOR)-type (subduction-unrelated) 
iii. Plume (P)-type (subduction-unrelated) 
iv. Suprasubduction zone (SSZ)-type (subduction-related) 
v. Volcanic arc (VA)-type (subduction-related).  
 The occurrence of MOR-type dominates (74%) over the other two types of subduction-
unrelated ophiolites in the Phanerozoic and the P-type and CM-type ophiolites corresponding 
to 18% and 8% respectively (Furnes et al., 2014). However, the three types of subduction-
unrelated Precambrian ophiolites occur in nearly equal proportions, with CM-type slightly 
dominant (38%; Furnes et al., 2014). For the subduction-related ophiolites, SSZ-types are 
dominant in both the Phanerozoic (97%) and Precambrian (74%) with VA-type been 
subordinate (Furnes et al., 2014). Figure 2.7 illustrates the tectonic setting, formation processes 
and simplified internal structures of the different types of ophiolites (Dilek and Furnes, 2011). 
2.5.1.1. Continental margin type ophiolites 
Continental margin (CM)-type ophiolites (Fig. 2.7a1) form during the early stages of oceanic 
basin evolution, following an initial continental breakup and embryonic ocean crust formation 
(Dilek and Furnes, 2011; Saccani et al., 2015). CM-type ophiolites have the typical “Steinmann 
trinity” of serpentinite, greenstone and chert and are characterised by the uncommon 
occurrence of gabbroic rocks, basaltic lavas and hemipelagic sedimentary rocks that directly 
overlay ultramafic rocks (Robertson, 2007; Bernoulli and Jenkys, 2009; Dilek and Furnes, 
2011). Some CM-type ophiolites may contain high-grade metamorphic rocks of eclogites and 
blueschists, such as the ophiolites of the Western Alps and Corsica (e.g. Saccani et al., 2015 
and references therein). The ultramafic rocks are typically exhumed subcontinental lithospheric 
mantle (of harzburgitic, dunitic and lherzolitic composition) along a detachment fault (e.g. 
Manatschal et al., 2006; Robertson, 2007; Lagabrielle et al., 2010). The sparse occurrence of 
basaltic lavas and gabbroic rocks indicate that CM-type ophiolites are relicts of magma-poor, 
ocean-continent transition (OCT) fragments formed at slow/ultraslow rifted margins (e.g. 
Manatschal et al., 2006; Robertson, 2007; Lagabrielle et al., 2010).
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Table 2.1: Table showing the two main type of ophiolites; subduction-related and subduction unrelated (after Dilek and Furnes, 2014) 
 
BABB = Backarc basin basalt; CA = Calc-alkaline; C-MORB = Contaminated MORB; DMM = Depleted MORB mantle; E-MORB = E-MORB; 
FAB = Forearc basalt; G-MORB = Garnet-influenced MORB; IAT = Island arc tholeiite; MORB = Mid-ocean ridge basalt, N-MORB = Normal 




Figure 2.7: A generalised tectonic setting and formation processes model (a1 and b1) and 
simplified internal structures (a2 and b2) (after Dilek and Furnes, 2011). 
 
The activities of detachment faults which lead to the exhumation of the subcontinental lithospheric 
mantle often control the formation of the embryonic oceanic crust (Frassi et al., 2017). Breccias, 
which normally overlay the exhumed subcontinental lithospheric mantle are associated with the 
detachment faults in modern OCTs and due to rock-fluid interaction, these breccias are composed 
of altered hydrous minerals such as serpentine, talc and chlorite (Frassi et al., 2017). A CM-type 
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ophiolite is often incomplete without sheeted dyke complex (Fig. 2.7a2; Robertson, 2007; 
Lagabrielle et al., 2010; Dilek and Furnes, 2011). 
Geochemically, CM-type ophiolites show OIB, Enriched MORB (E-MORB) and Normal MORB 
(N-MORB) signatures (e.g. Desmurs et al., 2002; Liu et al., 2015; Saccani, 2015). The N-MORB-
type is often characterised by garnet-influenced (G-MORB) signature, defined by the significant 
depletion of heavy rare earth elements (HREE) relative to middle rare earth elements (MREE; 
Saccani, 2015). In some CM-type ophiolites, these OIB, E-MORB and N-MORB (G-MORB) 
rocks occur together with calc-alkaline and shoshonitic basalts (Saccani et al., 2015). The 
heterogeneities in the internal structural and geochemical features are the results of the variations 
in the composition of the subcontinental lithospheric mantle (Saccani et al., 2015). Their 
petrogenetic evolution involves low-degrees of partial melting of a fertile or weakly depleted 
subcontinental lithospheric mantle in a magma-poor-OCT setting (Dilek et al., 1998; Rampone et 
al., 2005; Saccani et al., 2015). The northern Apennines, Alpine Corsica, Dangba-Purang and 
Western Alps Jurassic ophiolites as described by Lagabrielle and Cannat (1990), Desmours et al. 
(2002), Rampone et al. (2005), Saccani et al. (2008), Manatschal and Müntener (2009), and Liu et 
al. (2015) are typical examples of the CM-type ophiolites (Table 2.1). Although many more CM-
type ophiolites could exist in the geological records of orogenic belts, the intense poly-
deformation, metamorphism, influence of subduction-exhumation processes, and occurrences as 
blocks or tectonic slices in ophiolite melanges pose a great challenge in recognising them (Saccani 
et al., 2015).  
2.5.1.2. Mid-ocean ridge type ophiolites 
Mid-ocean ridge (MOR)-type ophiolites (Fig. 2.7a1) generally show complete sequences 
according to the Penrose-like structural architecture (Fig. 2.7a2) and are formed either at plume-
distal and plume-proximal-MOR, trench-proximal-MOR, or trench-distal back-arc spreading-
MOR (Table 2.1; Dilek and Furnes, 2011). This type of ophiolite has trace element affinity ranging 
from N-MORB to E-MORB, which means that they are respectively highly depleted and enriched 
relatively to primitive mantle-derived magmas (Pearce, 2008). Ophiolite of strictly MORB 
geochemical signatures are scarce and are mostly incorporated into the accretionary wedge as 
tectonic slices and melange blocks (Metcalf and Shervais, 2008). Examples of MOR-type 
ophiolites include the Taitao ophiolite in Chile and the Macquarie Island ophiolite in the SW Indian 
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Ocean (Table 2.1; Karstan et al., 1996; Dilek and Furnes, 2011). These two examples of MOR-
type ophiolite differ in terms of the mechanism of emplacement and displacement (Dilek and 
Furnes, 2014). Whereas the Macquarie Island ophiolite is emplaced along the transform fault 
between the Australian and Pacific plates, the Taitao ophiolite occurs at the active margin of South 
America due to the interaction between a ridge and a trench (Dilek and Funres, 2014 and references 
therein). The MOR-type ophiolite is preserved in orogenic belts, during underplating of the 
accretionary wedge, and undergoes deformation and metamorphism (Dilek and Robinson, 2003).  
2.5.1.3. Plume type ophiolites 
Kerr et al. (2009), Coffin and Eldholm (2001), Pearce (2008) and Dilek and Furnes (2011) 
described plume (P)-type ophiolites as having thick volcanic and plutonic sequences (Fig. 2.7a1 
and a2) plus between N-MORB and OIB trace element patterns. P-type ophiolites often assemble 
or form close to plume-proximal spreading ridges and as part of oceanic plateaus, containing 
dominantly massive lava flows with minor pillow lavas of mostly picritic composition (Dilek and 
Furnes, 2014). At higher stratigraphic levels, the lavas are interlayered with pillow breccias, 
hyaloclastite, and chert-shale (Dilek and Furnes, 2014). A P-type ophiolite is emplaced when the 
thick and buoyant oceanic crust is tectonically scraped off during subduction and accreted onto the 
continental margin (Hastie and Kerr, 2010). Well-known examples of P-type ophiolites include 
the peri-Caribbean ophiolites, Nicoya ophiolite in Costa Rica and Bolivar ophiolite in Colombia 
(Table 2.1; Kerr et al., 1998; Dilek and Furnes, 2011). P-type ophiolite usually has complete 
Penrose-like sequence, however, in most cases the mafic-ultramafic plutonic and volcanic rocks 
occur in association with the sediments of the accretionary prism (Fig. 2.7a2; Dilek and Furnes, 
2014). 
2.5.1.4. Suprasubduction zone type ophiolite 
Suprasubduction zone (SSZ)-type ophiolites have typical Penrose-type internal structure and 
sequence (Fig. 2.7b2) and develop in extending embryonic back-arc to forearc settings, as well as 
both ocean and continental back-arc basins (Fig. 2.7b1; Saunders et al., 1979; Hamkins, 2003; 
Stern and de Wits, 2003; Reagan et al., 2010). SSZ-type ophiolites are volumetrically relevant 
ophiolitic components preserved in orogenic belts as slices of oceanic crust generated during 
subduction rollback in a forearc, volcanic arc or back-arc setting, and subsequently incorporated 
into the orogenic belt during the collisional stages (Meneghini et al., 2017). Unlike MOR-type 
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ophiolites which only require the formation of a cross-lithospheric thrust/subduction zone within 
an ocean, the tectonic setting of SSZ-type ophiolites is much more complicated because, the 
formation of a spreading centre closely adjacent to a subduction zone is required (van Hinsbergen 
et al., 2015). Many authors have argued against the classification of SSZ-type ophiolite as a distinct 
class of ophiolites suggesting that most SSZ-type ophiolites were previously subduction-modified 
MOR-type ophiolite that tapped upper mantle sources, (a model referred to as the “historical 
contingency”; Moores et al., 2000). However, the distinct primitive island arc tholeiite (IAT) 
geochemical signatures, miarolitic cavities, the textures (reaction rim) and mineralogy (dominant 
hydrous minerals e.g. hornblende) in rocks of SSZ-type ophiolites differ from those of MOR-type 
ophiolites (Metcalf and Shervais, 2008). One key geochemical feature of SSZ-type ophiolites is 
the elevated concentrations of large ion lithophile elements (LILE such as Cs, Rb, Ba, Th, K, Sr, 
and Pb) over the high field strength elements (HFSE; Nb, Ta, Hf, Zr, Ti; Pearce, 1982; Dilek and 
Furnes, 2011). This is due to the influence of subduction-derived fluids to the mantle wedge (Dilek 
and Furnes, 2011).  
SSZ-type ophiolites are formed during the destructive stage of oceanic basins (i.e closure), 
involving the initiation of subduction and are characterised by MORB-IAT-Boninitic geochemical 
sequences (Casey and Dewey, 1984; Dilek and Furnes, 2010; Pearce and Robinson, 2010). Some 
SSZ-type ophiolites may even contain adakitic geochemical signatures (Metcalf and Shervais, 
2008). Metcalf and Shervais (2008) suggested that when back-arc basins that form above the 
subduction zone mature, they show geochemical signatures comparable to MORB. Hawkins 
(2003) and Metcalf and Shervais (2008) indicated that SSZ-type ophiolites are structurally and 
stratigraphically complete, showing evidence for a syn-magmatic extension. Hinge retreat in the 
forearc of nascent or reconfigured island arc basins and emplacement onto continental margins 
have been proposed from the studies of the western pacific Cenozoic subduction systems as the 
primary mechanism for the formation and emplacement of SSZ-type ophiolites (e.g Bloomer et 
al., 1995; Hawkins, 2003; Metcalf and Shervais, 2008). The formation of SSZ-type ophiolites is 
limited to the first ~10 Ma of the life of the subduction zone based on geochemical and 
thermodynamic data (Stern and Bloomer, 1992; Stern et al., 2012; van Hinsbergen et al., 2015). 
This interpretation is supported by the occurrence of a metamorphic sole underneath many SSZ-
type ophiolites (van Hinsbergen et al., 2015). Obduction on a passive continental margin or 
accretionary uplift on top of a subduction zone is the major mode of emplacement of SSZ-type 
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ophiolites (Shevais, 2001; Metcalf and Shervais, 2008). Examples of SSZ-type ophiolites include 
the Rocas Verdes, Solund-Stavfjord, Trinity, Troodos, Bay of Island, Oman, and Josephine 
ophiolites (Table 2.1; Suen et al., 1979; Harper, 1984; Elthon, 1991; Alexander and Harper, 1992; 
Searle and Cox, 1999; Metcalf et al., 2000; Osozawa et al., 2012; Regelous et al., 2014; Rollison, 
2017). 
2.5.1.5. Volcanic-arc type ophiolite 
Volcanic arc (VA)-type ophiolites (Fig. 2.7b1) are distinct from SSZ-type ophiolites on the basis 
of their thicker and better-developed arc-crust with calc-alkaline geochemical characteristics 
(Dilek and Furnes, 2011). Additionally, VA-type ophiolites are generated in a mature (>20 – 30 
Ma) arc settings (Dilek and Furnes, 2011, Furnes and Dilek, 2017). This type of ophiolite is 
composed of moderately to well-developed middle crustal intrusive rocks (including diorite, 
granodiorite and tonalite) and also uppermost crustal extrusive rocks such as andesite, rhyolite, 
and pyroclastic rocks (Fig. 2.7b2; Dilek and Furnes, 2014; Furnes and Dilek, 2017). Overall, the 
middle and lower crust of VA-type ophiolites are thicker than SSZ-type ophiolites (Furnes and 
Dilek, 2017). The mode and nature of the partial melting of the mantle wedge, dehydration of the 
subducted slab and element flux into the mantle wedge control the geochemical characteristics of 
VA-type ophiolites (Dilek and Furnes, 2014). VA-type ophiolites are enriched in the LILE relative 
to the HFSE comparable to SSZ-type ophiolite (Hawkesworth et al., 1997). The Magnitogorsk arc 
ophiolite in Russia, Smartville in California and Itogon in the Philippines are examples of world-
class VA-type ophiolites (Table 2.1; Brown et al., 2006; Dilek and Furnes, 2011). Subduction of 
a continental margin beneath the fore-arc as seen in the Magnitogorsk arc ophiolite is the main 
mechanism of the emplacement of VA-type ophiolite (Brown et al., 2006). 
2.5.2. Classification based on different geodynamic sites of emplacement 
Based on different emplacement sites of ophiolites, Wakabayashi and Dilek (2003) defined four 
proto-types of ophiolites. These are: 1) Tethyan ophiolites (Plume-, SSZ- and VA-types), 2) 
Cordilleran ophiolites (CM-, MOR-, and SSZ-types), 3) Ridge-trench intersection (RTI) ophiolites 
(SSZ-, and MOR-types), and 4) Macquarie Island ophiolites (MOR-type).  
2.5.2.1. Tethyan-type ophiolites 
Wakabayashi and Dilek (2003) defined Tethyan-type ophiolites as those emplaced onto passive 
continental margins or their crystalline basement, micro-continental fragments, or island arcs (Fig. 
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2.8:). Although by geographic location the Brooks Range ophiolite of Alaska is found in the North 
American Cordillera because it is underlain by a passive continental margin, it is considered as a 
Tethyan-type Ophiolite (Wakabayashi and Dilek, 2003). Some of the world-class ophiolites 
including Troodos ophiolite (USA), Oman ophiolites, Bay of Island ophiolite in Newfoundland, 
to mention a few (Casey et al., 1981; Robinson and Malpas, 1990; Searle and Cox, 1999), are 
examples of Tethyan-type ophiolites. 
 
 
Figure 2.8: Emplacement mechanism of Tethyan- and Cordilleran-type ophiolites (Wakabayashi 




Tethyan-type ophiolites are of importance because the main concepts of ophiolites for the last two 
centuries have been based on studies of the structures, petrology, geochemistry, geochronology 
and tectonics of these type of ophiolites (Dilek and Furnes, 2009; 2019). They frequently display 
a complete Penrose’s type sequence. Tethyan-type ophiolites are characterised by a metamorphic 
sole at the base of the ultramafic rocks (Williams and Smyth, 1973; Jamieson, 1986). The process 
of orogenic belt construction and tectonic evolution of orogenic belt can be constrained from the 
emplacement mechanism of Tethyan-type ophiolites (Mulder et al., 2016). Volcaniclastic rocks, 
which may be characteristic of volcanic arcs, are sometimes missing from the extrusive sections 
of most Tethyan-type ophiolites (Dilek and Moores, 1990; Wakabayashi and Dilek, 2003). 
However, the geochemical characteristics of the extrusive rocks of most Tethyan-type ophiolites 
are akin to subduction zone environments (e.g. Wakabayashi and Dilek, 2003). The petrogenetic 
evolution of Tethyan-type ophiolites in SSZ has been described in detail by Dilek and Furnes 
(2009).  
The magmatic and geochemical evolution of Tethyan-type ophiolites are complex, evolving from 
MORB-like to boninite through IAT, and even in advanced cases to calc-alkaline and alkaline 
magmatism at the final stages (Fig. 2.9: Dilek and Furnes, 2009). The variation in the geochemical 
characteristics and complex magmatic evolution suggests highly heterogeneous mantle sources, 
which have been enriched by trace elements due to modification by subducted slab-derived fluids 
and also affected to varying degrees by previous melt extractions (e.g. Dilek and Furnes, 2009). 
MORB-like magmas are produced at the initial stages of subduction as a result of the partial 
melting of a depleted, hot upper mantle peridotite. The MORB-like rocks show an affinity for N-
MORB, however, with a marked depletion of Nb (Fig. 2.9a). Slab-roll back and extension results 
in the IAT and boninites from the partial melting of upper mantle peridotite which has already 
suffered melt extraction and modification by slab-derived fluids (Fig. 2.9b to d).  
2.5.2.2. Cordilleran-type ophiolites 
Unlike the Tethyan-type ophiolites, the Cordilleran-type ophiolites according to Coleman (2000) 
and Wakabayashi and Dilek (2003), are structurally underlain by subduction-accretion complexes 
(Fig. 2.8). They show a complete to incomplete Penrose-type stratigraphic sequence (Wakabayashi 
and Dilek, 2003). Extrusive sections of Cordilleran-type ophiolites generally include widespread 
volcaniclastic and intermediate to felsic volcanic rocks that are typically formed in an island arc 
36 
 
setting. Saleeby (1992) have suggested that island arc tholeiitic to calc-alkaline geochemical 
signatures are characteristic of the extrusive units of Cordilleran-type ophiolites, which connote a 
subduction zone origin of their magmas. Jurassic ophiolites in the Sierra Nevada foothills in 




Figure 2.9: Schematic diagrams showing the petrogenetic evolution and geochemical 




2.5.2.3. Ridge-trench intersection ophiolites 
Ridge-trench intersection (RTI) ophiolites include the Taitao ophiolite in Chile and the 
Resurrection Bay and Knight Island ophiolites in Alaska (Lagabrielle et al., 2000; Wakabayashi 
and Dilek, 2003). They may show a complete Penrose’s type stratigraphic sequence or a near-
complete sequence with the absence of one or more lithologies (Wakabayashi and Dilek, 2003). 
RTI-type ophiolites are emplaced within accretionary wedge materials (Fig. 2.10: Wakabayashi 
and Dilek, 2003). RTI-type ophiolites may be more common in the rock record although only two 
localities (Alaskan ophiolites, and Taitao ophiolite in Chile) have been described to date 
(Wakabayashi and Dilek, 2003). They form during ridge subduction and the accretion of oceanic 
lithosphere (Kaeding et al., 1990). 
2.5.2.4. Macquarie Island ophiolite 
Macquarie Island ophiolites are structurally underlain by either in-situ oceanic crust or suboceanic 
lithospheric mantle (Fig. 2.11; Furnes et al., 2014). In addition, metamorphic soles are not exposed 
in the Macquarie Island ophiolite (Wakabayashi and Dilek, 2003). Ophiolites of this type show a 
complete Penrose’s type sequence, comprising intercalated sedimentary and volcanic rocks, 
progressing stratigraphically downwards into sheeted dykes, gabbro complexes and mantle 
ultramafic rocks (Wakabayashi and Dilek, 2003). The volcanic rocks are composed of basalts 
which make up nearly two-thirds of the Macquarie Island ophiolite exposures and displays typical 
N-MORB and E-MORB geochemical characteristics (Varne et al., 2000). These geochemical 
features in the context of plate tectonics, place the Macquarie Island Ophiolite generation at a mid-
ocean ridge spreading centre (Varne et al., 2000). Tectonic displacement and uplift of the MOR 
crust of the Macquarie Island ophiolite occur as a result of transpression along the transform fault 
between the Australian and Pacific plates (Fig. 2.11; Dilek and Furnes, 2014).  
 
2.6. RELATIONSHIP BETWEEN OPHIOLITE OBDUCTION AND EXHUMATION OF 
(U)HP ROCKS. 
Exhumed high pressure-low temperature (HP-LT) oceanic (sedimentary and crustal) rocks of 
many orogenic belts show two main types of metamorphic rocks with distinct metamorphic 











Figure 2.11: Emplacement mechanism of Macquarie Island ophiolites along a transpressional 
transform boundary between the Australian and Pacific plates (Dilek and Furnes, 2014). 
 
In a sediment-dominated accretionary wedge, blueschist facies metamorphic rocks are observed 
continentward with a smooth progressive P-T-time (P-T-t) path, and exhumation velocities are in 
the order of 1 – 5 mmyr-1 (Goffé et al., 1988; Agard et al., 2001; Yamato et al., 2007). Additionally, 
without the influence of serpentinisation process, the exhumation of the sedimentary accretionary 
wedge is highly feasible (Yamato et al., 2007). The accretionary wedge is usually sediments that 
were scrapped off (obducted) from the underlying oceanic crust (Agard et al., 2001, 2009). Thin 
slices of oceanic crust interlayered within the accretionary wedge also share the same metamorphic 
conditions (Agard et al., 2001, 2009). Eclogite facies HP rocks are recorded in the oceanic crust 
in the oceanward part of the orogenic belt. Natural petrological observation and experimental 
studies indicate that a serpentinite layer below the oceanic crust is needed to exhume the eclogitic 
oceanic material (Yamato et al., 2007; Agard et al., 2009). The presence of interleaved serpentinite 
within and below the oceanic crust results in fast exhumation velocities (>5 mmyr-1) and a 
contrasting peak P-T conditions (Yamato et al., 2007; Agard et al., 2009). The wide variations in 
P-T-t path and exhumation velocities between the accretionary wedge and eclogitic oceanic crust 
could be due to the juxtaposition of different tectonic units (Goffé et al., 1988). The pilling up of 
ophiolite on top of the accretionary wedge results in HP blueschist facies metamorphism, whereas 
the thickening of the continental material on top of the oceanic crust and its burial into mantle 
depth leads to eclogite facies metamorphism (Goffé et al., 1988; Agard et al., 2009). Exhumation 
process of the accretionary wedge is long-lasting whereas those of the eclogitic oceanic crust 
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THE PAN-AFRICAN DAHOMEYIDE BELT, SOUTH-EASTERN MARGIN OF THE 
WEST AFRICAN CRATON 
 
3.1. INTRODUCTION 
The Pan-African orogeny is an orogenic cycle describing tectonic, magmatic, and metamorphic 
activities of Neoproterozoic to Paleozoic age (950 – 500 Ma) during which large oceanic realms 
opened and closed, and buoyant crustal blocks accreted and collided (Kröner and Stern, 2005). 
The Pan-Africa orogeny resulted in the assembly of Gondwana supercontinent (Black and 
Liégeois, 1993; Unrug, 1997; Trompette, 2000). During the Pan-African orogeny several orogenic 
belts such as West Gondwana, East African, and Damara orogens were formed (Fig. 3.1; e.g. Stern, 
1994; Gray et al., 2008; Ganade de Araujo et al., 2014a). The Pan-African orogeny is time 
equivalent with the Cadomian orogeny in western and central Europe, the Baikalian and the early 
Central Asian Orogenic Belt in Asia (e.g. Kröner and Stern, 2005; Linnemann et al., 2008; 
Buriánek et al., 2017). In terms of scale, the Pan-African orogen can be compared to the currently 
active Alpine-Himalayan-Circum Pacific Orogenic belt (Black and Liégeois, 1993; Unrug, 1997). 
The Neoproterozoic Pan-African orogeny did not only occur in Africa but also other continents, 
however, regional names such as Brasiliano orogeny has been proposed in South America, 
Adelaidean orogeny in Australia and Beardmore orogeny in Antarctica (Turner et al., 1994; 
Goodge, 1997; Monie et al., 1997; Kröner and Stern, 2005). In Africa, Brazil and eastern 
Antarctica the Pan-African orogenic belts have been interpreted as a network surrounding older 
cratons and essentially resulted from the closure of several major Neoproterozoic oceans (e.g. 
Turner et al., 1994; Monie et al., 1997; Hanson, 2003; Heilbron et al., 2004; Kröner and Stern, 
2005). Besides juvenile materials, the Pan-African orogenic belts contain significant amounts of 
Archean and Paleoproterozoic basement rocks, which are often intruded by Pan-African calc-
alkaline granitoids (Black and Liégeois, 1993).  
 
3.2. THE WEST GONDWANA OROGEN 
The West Gondwana Orogen, is a ~4000 km long orogenic belt that occupies the eastern margins 
of the West African Craton (WAC) and Amazonian Craton (Fig. 3.2a; Ganade de Araujo et al., 
2014a). The West Gondwana Orogen extends from the Saharan desert in Algeria (NE Africa) to 




Figure 3.1: Map of Gondwana showing Neoproterozoic orogenic belts surrounding older cratons (modified after Gray et al., 2008)  
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This orogen formed as a result of the closure of the Goias-Pharusian Ocean during the continent-
continent collision between the WAC-Amazonian Craton and the Saharan Meta- and São 
Francisco cratons (Trompette, 2000; Attoh and Brown, 2008; Ganade de Araujo et al., 2014a, b). 
The West Gondwana Orogen has key features that are identical to modern collision zones such as 
the Himalayas, and these are cratonic shields, passive and active margins, magmatic arcs, oceanic 
terranes (ophiolitic suture zones), and post-collisional basins (Fig. 3.2b; Ganade de Araujo et al., 
2014a). Ganade de Araujo et al. (2014a) suggested that synchronous continental subduction 
occurred along ~2500 km-long section of the West Gondwana Orogen between 630 and 610 Ma. 
The West Gondwana Orogen comprises two major segments; the Trans-Saharan belt at the eastern 
margin of the WAC, and the Borborema Province at the eastern margin of the Amazonian Craton 
(Caby, 1987; Trompette, 2000; Ganade de Araujo et al., 2016). 
The Trans-Saharan belt is an extensive orogenic belt, about 2500 km long, which stretches from 
the coast of Ghana to Algeria (Caby, 1987; Trompette, 2000; Ganade de Araujo et al., 2014a). The 
Trans-Saharan belt comprises the Pharusian belt of Algeria and Mali, the Gourma of Mali and 
Burkina Faso and the Dahomeyide belt of Ghana, Togo, Benin, and Nigeria (Fig. 3.2b: e.g. Caby, 
1987; Affaton et al., 1991; Attoh et al., 1997; Trompette, 2000). Two well-defined suture zones, 
Tilemsi suture and its southern segment, the Pharusian suture consisting of high-grade rocks 
including eclogites separate the passive margin of the WAC from the active margin of the Hoggar-
Benino-Nigerian shield in the Trans-Saharan belt (Caby, 1987; Boullier, 1991; Attoh, 1998; 
Agbossoumondé et al., 2001). One distinct feature in the active margin of the Trans-Saharan belt 
is the N-S extensive Trans-Saharan lineament (Kandi shear zone) made up of ultramylonites, 
which is a strike-slip plate boundary about 400 m thick, separating different domains of 
Paleoproterozoic rocks (Fig. 3.2b; Liégeois et al., 2003; Attoh and Brown, 2008; Kalsbeek et al., 
2012; Ganade de Araujo et al., 2016). The Kandi shear zone extends from Algeria in the north to 
Benin in the south, with several splays in Ghana and Togo and correlates with the Trans-Brasiliano 
lineament in the Borborema Province (Fig. 3.2b; Ganade de Araujo et al., 2016). The Kandi shear 
zone/Trans-Brasiliano lineament represent reactivated previous (Paleoproterozoic) sutures that 
resulted from an oblique dextral movement just at the beginning of continent collision phase of 
the Pan-African/Brasiliano orogeny at ca. 610 Ma (Ganade de Araujo et al., 2014a, b). The Trans-
Saharan belt has been placed along the same section with the Borborema Province within the West 
Gondwana Orogen because of the correlation of the Kandi shear zone to the Trans-Brasiliano 
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lineament, and the occurrence of eclogites of similar ages in the Tilemsi, Pharusian and Brazil 
(Ganade de Araujo et al., 2014c, 2016).  
 
 
Figure 3.2: (a) Map of African and South America showing the West Gondwana Orogen (after 
Ganade de Araujo et al., 2016), and (b) Geological Map of WGO, showing all the key components 




3.3. THE DAHOMEYIDE BELT 
The south-western portion of the Trans-Saharan belt is occupied by the Dahomeyide belt (e.g. 
Affaton et al., 1991; Attoh et al., 1997). The Dahomeyide belt is a N-S-trending belt that stretches 
from the coast of the Gulf of Guinea in southern Ghana to Togo, Benin, and Nigeria (Fig. 3.2b and 
3.3; Attoh, 1998; Attoh and Morgan, 2004; Duclaux et al., 2006). The occurrence of the 
Dahomeyide belt at the south-eastern margin of the WAC, suggests rifting of the eastern margin 
of the WAC, passive margin formation and opening of the Pharusian Ocean (Villeneuve and 
Cornée, 1994; Trompette, 1997). The Dahomeyide belt formed when the rifted margin of the WAC 
subducted and eventually collided with the Benino-Nigerian Shield (BNS: the leading western 
edge of the Saharan Metacraton) during the Neoproterozoic Pan-African orogeny (Caby, 1987; 
Affaton et al., 1991; Attoh et al., 1997; Agbossoumondé et al., 2001; Cordani et al., 2003).  
The geodynamic evolution model of the Dahomeyide belt involves plate convergence (both ocean 
and continental subduction) and arc magmatism from ca. 780 - 630 Ma, followed by continent-
continent collision of the WAC with the BNS between 620 and 610 Ma, which is marked by high 
pressure (HP) metamorphism (Attoh, 1998; Agbossoumondé et al., 2001; Duclaux et al., 2006; 
Attoh and Nude, 2008; Ganade de Araujo et al., 2014a; Guillot et al., 2019). This was followed 
locally in south-eastern Ghana by alkaline magmatism between 594 and 592 Ma (Attoh et al., 
2007; Attoh and Nude, 2008, Nude et al., 2009), and then, west-verging thrusting and exhumation 
of the HP rocks (600 – 570 Ma; Attoh et al., 1997, 2007; Affaton et al., 2000). Finally, there was 
post-collisional magmatism, which occurred between 580 and 540 Ma (Kalsbeek et al., 2012; 
Attoh et al., 2013; Ganade de Araujo et al., 2016; Guillot et al., 2019). The geodynamic evolution 
of the Dahomeyide belt as proposed by Guillot et al. (2019) is illustrated in figure 3.4. In the north 
(Benin and northern Togo), a double subduction system (island arc and active continental margin) 
occurred that evolved into single subduction (active continental margin) in the south (Fig. 3.4; 
Guillot et al., 2019).  
The Dahomeyide belt was previously described as consisting of two belts of felsic gneisses that 
alternate with two belts of mafic gneisses (e.g. Grant, 1967; Adjei, 1968; Holm, 1973). In recent 
literature, the Dahomeyide belt is considered to be consisting of various lithotectonic zones based 
on age, lithology, metamorphism, and deformation (Attoh, 1998; Attoh et al., 1991, 1997; 




Figure 3.3: Geological map of the Dahomeyide belt in Ghana, Togo, Benin, Nigeria (after 




Figure 3.4: Schematic diagram illustrating the geodynamic evolution of the Dahomeyide belt 




These are from west to east: (a) External zone, (b) Pharusian suture zone (PSZ), and (c) Internal 
zone (Fig. 3.5). Negative Bouguer anomaly corresponding to the occurrence of a crustal root 
distinguishes the external zone from the Pharusian suture and internal zones, which features 
positive Bouguer anomalies (El Hadj Tildani et al., 1997). The relatively strong positive Bouguer 
anomaly below the internal zone compared to the PSZ has been interpreted as underplated buried 
fore-arc rocks of mafic composition (El-Hadj Tidjani et al., 1997; Guillot et al., 2019). 
 
3.4. THE INTERNAL ZONE 
The internal zone (Fig. 3.5) represents the active margin of the Dahomeyide belt that recorded arc-
related and post-collisional magmatism, and intracontinental extensional volcanism and 
sedimentation (Kalsbeek et al., 2012; Attoh et al., 2013; Ganade de Araujo et al., 2016). The 
internal zone is made up of granitoids and supracrustal rocks formed due to the east-dipping 
subduction and collision between the WAC and the BNS, and extensional-related volcanic and 
sedimentary rocks formed after collision (e.g. Attoh and Nude, 2008; Attoh et al., 2013; Ganade 
de Araujo et al., 2016; Guillot et al., 2019). The granitoids constitute the bulk of the internal zone, 
with the supracrustal and extensional-related rocks occurring in limited extent (Kalsbeek et al., 
2012; Attoh et al., 2013; Ganade de Araujo et al., 2016). Magmatism related to this east-dipping 
subduction occurred between 670 and 620 Ma and is represented by a variety of arc-related 
granitoids (now gneisses and migmatite) emplaced in the BNS (Kalsbeek et al., 2012; Ganade de 
Araujo et al., 2016).  
Major and trace element concentrations and Sr-Nd-Hf isotopic systematics of the granitoids 
suggest they were mainly derived from a mixture of juvenile mantle and old continental crustal 
materials (Attoh et al., 2013; Kalsbeek et al., 2012; Ganade de Araujo et al., 2016). The granitoids 
are characterised by I-type signatures and display variable amounts of light rare earth elements 
(LREE) enrichment, and Nb, Ti, and P negative anomalies that are consistent with a subduction-
related origin (Attoh et al., 2013). Two major types of granitoids can be found in the internal zone 
of the Dahomeyide belt. 1) Biotite bearing migmatite, and 2) hornblende ± garnet-bearing dioritic 
gneiss (Table 3.1: Attoh et al., 2013). The migmatite is in tectonic contact with the PSZ, 




Figure 3.5: Geological map of Ghana, Togo and Benin illustrating the context of the Volta Basin, the Dahomeyide belt and the Benino-
Nigerian Shield (modified after Ganade de Araujo et al., 2016).   
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Nude (1995) suggested that the formation of the migmatite occurred because of remobilisation 
under upper amphibolite facies conditions, which resulted in mylonitisation, moderate crustal 
anatexis and localised metasomatism. The migmatite has been intruded by Neoproterozoic 
granitoids, which are relatively less deformed than the migmatite host (Kalsbeek et al., 2012). The 
dioritic gneiss mainly represents the reworked basement of the BNS (Attoh et al., 2013). 
Agyei et al. (1987) obtained ages of 506 – 452 Ma (K-Ar ages from biotite) for the migmatite. 
However, Kalsbeek et al. (2012) obtained older U-Pb zircon ages of 547 ± 15 Ma and 666 – 592 
Ma for the undeformed granitoids and the deformed migmatite, respectively. Similar U-Pb ages of 
620 – 589 Ma have been obtained for the migmatite by Attoh et al. (2013). The 589 - 547 Ma age 
corresponds to post-collisional magmatism with the 666 – 620 Ma corresponding to arc-related 
magmatism (Kalsbeek et al., 2012; Attoh et al., 2013; Ganade de Araujo et al., 2016). This suggests 
an approximately 100 Ma span of arc-related and post-collisional magmatism during the Pan-
African orogeny (Kalsbeek et al., 2012). U-Pb analysis of magmatic zircons from the dioritic 
gneiss yielded Paleoproterozoic ages between 2190 and 2140 Ma, which have been interpreted as 
the crystallisation ages of the gneiss (Kalsbeek et al., 2012, 2020; Attoh et al., 2013; Ganade de 
Araujo et al., 2016). The Paleoproterozoic ages signify the involvement of older crust (Saharan 
Metacraton), representing the basement of the BNS, in the Pan-African Dahomeyide belt, and this 
is consistent with what has been reported from the Borborema Province and the Pharusian belt 
(Liégeois et al., 2003; Duclaux et al., 2006; Attoh et al., 2013). This supports the correlation of the 
Dahomeyide belt to the Pharusian belt and the Borborema Province (Attoh et al., 2013). 
The supracrustal rocks of the internal zone are made up of quartzite, schist and migmatite. Detrital 
zircon age population for the quartzites is similar to the sedimentary rocks of the external zone of 
the Dahomeyide belt (Kalsbeek et al., 2012; Ganade de Araujo et al., 2016). The only sample with 
magmatic zircons of the schist and migmatite suggests deposition between 660 and 600 Ma, 
comparable to the supracrustal rocks of the Serido Group in NE Brazil (Kalsbeek et al., 2012).  
A well-developed intracontinental extensional-related volcanic rock is exposed in the Dahou-
Mahou basin of the BNS (Fig.3.5; Ganade de Araujo et al., 2016). Detrital zircon ages of a 
conglomeratic layer associated with the Dahou-Mahou basin recorded a 563 ± 7 Ma maximum 
depositional age. The volcanic rock is dacitic in composition and yielded an age of 545.7 ± 7.8 Ma 
(Ganade de Araujo et al., 2016).
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Table 3.1: Compilation of published lithological, metamorphic, geochronological, and tectonic/depositional setting data from the 
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Afram-Bimbila Subgroup 576 ± 13 Ma4 (Lu/Hf, phosphorite) Foreland5,8 
Kodjari-Buipe Subgroup 
ca. 635 Ma5 (constrained U-Pb zircon age 
of Marinoan glaciation event) 
Passive margin5,9 




















Passive margin7,8,17 and 
foreland8 
Carbonate 
Shale ca. 650 Ma15 (Rb/Sr, glauconite) 
Sandstone 
950 Ma7 (PM) and 600Ma8 (foreland) 
youngest detrital zircon 
Mafic-ultramafic 
igneous rocks 
Volcanic rocks 623 ± 7 Ma16 (40Ar/39Ar, whole rock) CRZ12 or MOR13,14 
Gabbro " MOR and Arc18 

















 703.2 ± 8.1 Ma
21 (U-Pb, zircon, mafic 
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608.1 ± 0.2 Ma 


























2145 – 2122 Ma24 (U-Pb, zircon) 




Table 1: Continued. 
 























680 – 750 °C and 28 – 30 kbar21 
Granulite 
facies26,27,28 
720 ± 60 °C at 8 ± 2 kbar26,28 
Amphibolite 
facies28 
560 ± 60 °C at 5 ± 1 kbar28 
Greenschist 
facies28 
475 ± 25 °C at 3 ± 1 kbar28 
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793 ± 4 Ma29 (U-Pb, zircon) 
620 – 610 
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MOR and magmatic 
arc28,31,32,33,34 
Pyroxenite, norite, 
and hornblendite  " " " 
Kpong complex 


















Granitoid gneiss and 
migmatite 
Biotite bearing migmatite 
666 – 592 Ma37,38 (U-Pb, 
zircon) 
" Magmatic arc38 
Hornblende ± garnet-bearing dioritic 
gneiss 













and sedimentary rocks 
Dacite 
545.7 ± 7.8 Ma8 (U-Pb, 




563 ± 7 Ma8 (U-Pb, zircon, 
detrital) 
1Junner and Hisrt (1946), 2Affaton et al. (1980), 3Anani (1999), 4Barfod et al. (2004), 5Carney et al. (2010), 6Clauer (1976), 7Kalsbeek 
et al. (2008), 8Ganade de Araujo et al. (2016), 9Amedjoe et al. (2018), 10Anani et al. (2013), 11Anani et al. (2017), 12Jones (1990), 
13Affaton et al. (1997), 14Nude et al. (2015), 15Clauer et al. (1982), 16Boamah (2017), 17Osae et al. (2006), 18Kwayisi et al. (2017), 
19Asiedu et al. (2008), 20Attoh et al. (1997), 21Ganade de Araujo et al. (2014a), 22Anani et al. (2019), 23Agyei et al. (1987), 24Aidoo et 
al. (2020), 25Aidoo et al. (2014), 26Attoh (1998), 27Affaton et al. (2000), 28Agbossoumondé et al. (2001), 29Berger et al. (2011), 30Hirdes 
and Davis (2002), 31Guillot et al. (2019), 32Bernard-Griffiths et al. (1991), 33Attoh and Morgan (2004), 34Duclaux et al. (2006), 35Attoh 
et al. (2007), 36Nude (1995), 37Kalsbeek et al. (2012), 38Attoh et al. (2013), 39Kalsbeek et al. (2020).  
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These ages indicate that intracontinental extensional volcanism occurred between 550 and 540 Ma 
after collision (Ganade de Araujo et al., 2016). The extension might have occurred along strike-
slip collisional shear zones (Ganade de Araujo et al., 2016). 
 
3.5. THE PHARUSIAN SUTURE ZONE 
The Pharusian suture zone (PSZ; Fig. 3.5) is a belt of ultrahigh and high-pressure U(HP) mafic-
ultramafic (M-UM) metamorphic rocks exposed in Ghana as the Krobo-Shai-Adaklu hills, Togo 
as Agu-Lato-Toutouto hills and Kabye massif, northwest Benin as Derouvarou massif and 
southern Mali as Amalaoulaou massif (Bernard-Griffiths et al., 1991; Attoh, 1998; 
Agbossoumondé et al., 2001, 2007; Duclaux et al., 2006; Berger et al., 2011). Principal lithologies 
of the PSZ are eclogite, granulite, amphibolite together with quartzite, metapelite and felsic gneiss 
(Table 3.1; Affaton et al., 1980; Castaing et al., 1993; Attoh et al., 1997; Attoh, 1998; 
Agbossoumondé et al., 2001). Associated with the eclogite, granulite and amphibolite are weakly 
metamorphosed mafic-ultramafic rocks, which have been interpreted as dykes and sills (Attoh, 
1998; Agbossoumondé et al., 2004; Duclaux et al., 2006). These dykes and sills are distinct from 
the HP M-UM rocks by being generally undeformed and weakly metamorphosed, consisting of 
layered complexes; norite, pyroxenite and hornblendite (Table 3.1; Attoh, 1998; Agbossoumondé 
et al., 2004). Rocks of the PSZ are characterised by moderate to steep east-dipping foliation formed 
due to E-W shortening related to subduction and HP metamorphism (Attoh, 1998, Affaton et al., 
2000; Hirdes and Davis, 2002).  
Metamorphism of the PSZ HP M-UM rocks followed a clockwise P-T path in the kyanite stability 
field (Attoh, 1998; Agbossoumondé et al., 2001). Metamorphism reached eclogite facies at 680 – 
750 °C and 28 – 30 kbar (Ganade de Araujo et al., 2014a), followed by granulite facies (720 ± 60 
°C at 8 ± 2 kbar), amphibolite facies metamorphism (560 ± 60 °C at 5 ± 1 kbar) and finally 
greenschist facies (475 ± 25 °C at 3 ± 1 kbar) (Agbossoumondé et al., 2001). This inferred P–T 
path reflects subduction of oceanic lithosphere followed by subduction of the leading edge of the 
WAC and continent-continent collision that resulted in nappe stacking and crustal thickening 
during the Pan-African orogeny (Attoh, 1998; Agbossoumondé et al., 2001; Ganade de Araujo et 
al., 2014a; Guillot et al., 2019). Synchronous with the continent-continent collision was the 
exhumation of the HP M-UM rocks (Attoh, 1998; Agbossoumondé et al., 2001; Ganade de Araujo 
et al., 2014a; Guillot et al., 2019). The following mineral assemblages characterised the various 
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metamorphic facies within the PSZ: eclogite facies feature clinopyroxene + plagioclase 
symplectites, garnet, and pargasite, whereas amphibole, garnet, plagioclase, ilmenite, clinozoisite 
and quartz define the amphibolite facies. Greenschist facies is expressed by actinolite, oligoclase, 
zoisite, chlorite, sphene, calcite and quartz (Attoh, 1998; Agbossoumondé et al., 2001). 
The geochemistry of the eclogite and granulite have been studied by various authors (e.g. Bernard-
Griffiths et al., 1991; Attoh and Morgan, 2004; Duclaux et al., 2006). According to Bernard-
Griffiths et al. (1991), the overall geochemical characteristics of the HP M-UM rocks of the PSZ 
resemble that of mafic magmatic cumulate with MORB affinity. HP M-UM rocks of MORB 
affinity correspond to the subducted passive margin of the WAC formed in an oceanic basin (i.e. 
Pharusian Ocean; Bernard-Griffiths et al., 1991; Agbossoumondé et al., 2001). Nevertheless, Attoh 
and Morgan (2004) interpreted the geochemical signature of the HP M-UM rocks of the PSZ as 
typical mafic rocks of lower crustal composition. These HP M-UM rocks display two distinct 
geochemical compositions. 1) Dominant IAT displayed mainly by the granulite and 2) subordinate 
N-MORB tholeiites, characteristics of the eclogite (Attoh and Morgan, 2004). The occurrence of 
IAT and N-MORB HP M-UM rocks in the Dahomeyide belt connotes formation of these rocks in 
a suprasubduction zone setting in which oceanic crust formed in either a back-arc or intra-arc 
setting (Attoh and Morgan, 2004). Thus, the PSZ rocks of the Dahomeyide belt are metamorphosed 
ophiolites (Attoh and Morgan, 2004). Duclaux et al. (2006) suggested that in a single suture zone, 
the occurrence of both eclogitic and granulitic rocks association might connote a tectonic mélange 
of different high-grade rocks coming from both the lower and upper plates during subduction. 
Duclaux et al. (2006) argued based on the lack of Ta depletion and absence of isotopic data for the 
HP rocks in south-eastern Ghana, that the IAT affinity suggested by Attoh and Morgan (2004) is 
debatable. Rocks with mainly N-MORB affinities characterise the lower plate (i.e. the subducted 
WAC) whereas rocks with continental-arc signature were originated from the upper plate (BNS; 
Duclaux et al., 2006). Consistently, Duclaux et al. (2006) interpreted the HP rocks as representing 
the root of a continental arc formed in a supra-subduction zone environment.  
Epsilon Nd values from +3 to +7 calculated at 600 Ma for the eclogite of the Kabye Massif reflect 
a depleted mantle (DM) source of origin (Bernard-Griffiths et al., 1991; Duclaux et al., 2006). Two 
different Nd depleted mantle model ages (Nd TDM) were obtained for the eclogite and granulite: 
Younger Nd TDM model ages range between 1.5 and 1.0 Ga and older Nd TDM model ages range 
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between 2.3 and 2.0 Ga (Bernard-Griffiths et al., 1991; Duclaux et al., 2006). The former ages 
have been interpreted as the mantle extraction ages of the protolith of the eclogite with the older 
ages interpreted as contamination from a Paleoproterozoic continental crust (Bernard-Griffiths et 
al., 1991; Duclaux et al., 2006). Similar ages were calculated from PSZ rocks in southwest Togo 
(Agbossoumondé et al., 2013, 2017) and south-eastern Ghana (Attoh and Schmitz, 2005). Hf 
isotopic analyses on garnet yielded TDM model ages of 970 – 770 Ma for the granulite of the PSZ 
(Attoh and Schmitz, 2005). The younger age has been interpreted as the minimum age of rifting 
on the WAC at ca. 770 Ma (Attoh and Schmitz 2005).  
Precise U-Pb zircon ages indicate HP metamorphism of the PSZ rocks in south-eastern Ghana at 
610 ± 2 Ma with exhumation between 590 and 570 Ma (40Ar-39Ar ages of hornblende, and U-Pb 
dating of titanite; Attoh et al., 1991, 1997, 2007). A 613 ± 1 Ma Pb-Pb age (evaporation method) 
was obtained for the granulite of the Kabye Massif (Fig. 3.5), interpreted to reflect the peak of 
regional granulite facies metamorphism corresponding to Pan-African continent-continent 
collision (Affaton et al., 2000). Hirdes and Davis (2002), Agbossoumondé et al. (2007), Ganade 
de Araujo et al. (2014a), and Guillot et al. (2019) confirm that the peak HP metamorphism in 
south-eastern Ghana and southwest Togo occurred at ca 610 Ma (U-Pb or Pb-Pb zircon and rutile 
ages). All these ages suggest that HP metamorphism occurred at 620 – 610 Ma and exhumation at 
610 – 570 Ma (Attoh et al., 1997; Affaton et al., 2000; Hirdes and Davis, 2002; Ganade de Araujo 
et al., 2014a; Guillot et al., 2019). A U-Pb zircon age of 793 ± 4 Ma on the HP M-UM rocks further 
north, in the Amalaoulaou massif (Mali) indicates emplacement of their protolith at ca. 800 Ma 
(Berger et al., 2011). 
Decorating the sole thrust of the HP M-UM rocks of the PSZ in south-eastern Ghana is an alkaline 
complex locally referred to as the Kpong complex (Fig. 3.6; Attoh et al., 2007). These rocks occur 
as deformed layers within the PSZ and intrude part of the external zone (Attoh and Nude, 2008). 
The Kpong complex is >60 km-long and <100 m-thick alternating layers of carbonatite and 
nepheline syenite (Attoh and Nude, 2008; Nude et al., 2009). Biotite and calcite are the dominant 
minerals in the carbonatite whereas nepheline, alkali feldspar and occasional garnet are the 
mineralogy of the nepheline syenite (Attoh and Nude, 2008; Nude et al., 2009). The carbonatite 
and nepheline syenite show highly enriched LREE and LILE relative to HREE and HFSE, typical 
of alkaline rocks in other parts of the world (Nude et al., 2009). Precise zircon U-Pb analyses for 
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the carbonatite and nepheline syenite yielded indistinguishable ages of 592 ± 2 Ma and 594 ± 4 
Ma respectively (Attoh et al., 2007). These ages suggest the intrusion of the carbonatite and 
nepheline syenite occurred after HP metamorphism (Attoh et al., 2007; Attoh and Nude, 2008). 
Attoh et al. (2007) proposed a syn-orogenic extensional (transtension?) rifting after peak 
collisional phase of the Pan-African orogeny in south-eastern Ghana as the setting for the 
formation of the Kpong complex. In summary, the evolution of the PSZ rocks and the Kpong 
complex is as follows: rifting and breakup of WAC from Rodinia and collision of the WAC with 
an inferred oceanic island arc complex. This was followed by subduction of the WAC and inferred 
island arc complex, the formation of the eclogite and granulite, extensional-related rifting, and 
intrusion of the Kpong complex, and finally, exhumation of the eclogite and granulite (Attoh and 
Nude, 2008). 
 
3.6. THE EXTERNAL ZONE 
The external zone comprises Paleoproterozoic granitoid gneisses (referred to as Ho gneisses) 
considered to be the deformed edge of the WAC and Neoproterozoic rocks; the Buem and Togo 
structural units (Agyei et al., 1987; Attoh and Nude, 2008; Aidoo et al., 2014). The Buem structural 
unit (BSU) is a fold and thrust belt tectonically bounded to the west by the sedimentary basin 
(Volta basin) of the Voltaian Supergroup and the east by the rocks of the Togo structural unit ( 
Fig. 3.5; Ghana National Geological Mapping Project, 2009). Although the contacts between these 
units are tectonic, there is a general increase in metamorphic conditions from west to east, 
unmetamorphosed in the Voltaian Supergroup, prehnite-pumpellyite to greenschist facies in the 
BSU (Affaton et al., 1997; Nude et al., 2015; Kwayisi et al., 2020), greenschist to lower 
amphibolite facies in the Togo structural unit (Adjei and Tetteh, 1997; Attoh et al., 1997) and 
upper amphibolite facies in the Ho gneisses (Agyei et al., 1987). This is somewhat correlated with 
an eastward increase in deformation intensity, as the generally flat-lying Voltaian Supergroup 
shows steep dips at the eastern margin (Grant, 1969). 
3.6.1. Ho gneisses 
The Ho gneisses are in thrust contact with the Togo structural unit to the west and the PSZ to the 
east (Fig. 3.5; Attoh and Nude, 2008). Rocks of the Ho gneisses include biotite-muscovite 
granodioritic and amphibole-biotite tonalitic orthogneisses (Aidoo et al., 2014; 2020). These rocks 
are generally calc-alkaline, magnesian, and metaluminous to weakly peraluminous I-type 
69 
 
granitoids, exhibiting geochemical signatures akin to Neoarchean sanukitoids (Aidoo et al., 2014; 
2020).  
 
Figure 3.6: Geological map of southern Ghana showing the Kpong complex and its relationship 
to the Pharusian suture zone (after Attoh and Nude, 2008). 
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Agyei et al. (1987) determined Rb–Sr whole-rock isochron ages of 2176 ± 44 Ma for the Ho gneiss. 
More recently, U-Pb zircon analyses have yielded ages of 2145 – 2122 Ma and 2124 – 2105 Ma 
for the amphibole-biotite and biotite-muscovite orthogneisses respectively (Aidoo et al., 2020). 
These U-Pb ages imply that the Ho gneisses may be time equivalent of the Palimé – Amlamé 
Pluton (U-Pb zircon age of 2127 ± 2 Ma; Agbossoumondé et al., 2007), and Kara orthogneiss (Rb–
Sr whole-rock isochron of 2077 ± 62 Ma, Caen-Vachette et al., 1979), in Northern Togo and the 
Bourré Granite in Mali (U-Pb zircon age of 2080 Ma; La Boisse and Lancelot, 1977; Caby and 
Moussine - Pouchkine, 1978). The Palimé – Amlamé Pluton is mainly metaluminous, I-type, calc-
alkaline, and granodioritic comparable to the Ho gneisses (Agbossoumondé et al., 2007). A lower 
intercept age of 626 ± 29 Ma obtained for the Palimé – Amlamé Pluton suggests reworking during 
the Pan-African orogeny (Agbossoumondé et al., 2007). Pan-African ages have also been obtained 
for the Ho gneisses (579 ± 4 Ma, 40Ar/39Ar age; Attoh et al., 1997), and the Kara orthogneiss (608 
± 17 Ma, Rb-Sr mineral age; Caen-Vachette et al., 1979). The Ho gneisses were previously 
considered as part of the WAC reworked during the Neoproterozoic Pan-African orogeny based 
on similar ages (2100 Ma; Agyei et al., 1987; Attoh and Nude, 2008; Aidoo et al., 2014). 
Nonetheless, geochemical, and geochronological work by Aidoo et al. (2020) suggest that the Ho 
gneisses were not part of the WAC, however, they may be part of an Archaean block that collided 
with the WAC during the 2100 Ma Eburnean orogeny. This interpretation by Aidoo et al. (2020), 
stems from the metaluminous, I-type, calc-alkaline, 3111 – 2969 Hf (TDM2) ages and εHft of -10 to 
– 2 calculated at 2.1 Ga that characterised the Ho gneisses and not the WAC rocks. 
3.6.2. The Voltaian Supergroup 
The Voltaian Supergroup occurs to the west of the BSU and it is analogous to the sedimentary 
supergroup of the Taoudeni basin (Fig. 3.5; Affaton et al., 1980; Villeneuve and Cornée, 1994; 
Anani et al., 1999). The Voltaian Supergroup occupies about 40% of the total landmass of Ghana, 
and it comprises three unconformable units (Affaton, 1990; Deynoux et al., 2006; Carney et al., 
2010). The three unconformable units are from bottom to top (1) Bombouaka or Kwahu, (2) Oti 
or Pendjari, and (3) Obosum or Tamale groups (Table 3.2 and Fig. 3.5; Affaton, 1990; Deynoux 
et al., 2006; Carney et al., 2010, Couëffé and Vecoli, 2011). The Voltaian Supergroup is about 
5000 – 7000 m thick, with the thickness increasing eastward (Fig. 3.7; Affaton, 1990; Carney et 
al., 2010). Generally, rocks of the Voltaian Supergroup have shallow dips of 1 - 2˚ to the east or 
southeast, nonetheless, its eastern margin rocks show subvertical to steep dips to the east (Carney 
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et al., 2010; Kalsbeek and Frei, 2010). The subvertical to steep dip is because of the Pan-African 
orogeny (Carney et al., 2010; Kalsbeek and Frei, 2010).  
Table 3.2: The stratigraphic subdivision of the Voltaian Supergroup (Modified after Couëffé and 
Vecoli, 2011). 




Figure 3.7: Vertical cross-section of the Voltaian Supergroup (modified after Affaton, 1990). 
 
The Bombouaka Group is about 1000 m thick, comprising two mainly sandstone units which are 
separated by a middle mudstone unit (Carney et al., 2010). Sediments of the Bombouaka Group 
are interpreted as passive continental margin units related to the rifting event that led to the opening 
of the Pharusian Ocean, possibly between 1000 and 700 Ma, because of youngest detrital zircon 
age at 1160 Ma and depositional age at 959±62 Ma (Clauer, 1976; Kalsbeek et al., 2008; Anani et 
al., 2017). Based on sandstone petrology and geochemical data, the Paleoproterozoic rocks of the 
WAC have been proposed as the source of the sediments for the Bomboauaka Group (Anani, 1999; 
Anani et al., 2013). However, subsequent U-Pb detrital zircon age and geochemical studies have 
revealed a significant contribution of sediments from the Amazonian Craton (Kalsbeek et al., 2008; 
Anani et al., 2017).  
The Oti Group lies, with an erosional and/or glacial unconformity on the Bombouaka Group or 
locally, directly on the Paleoproterozoic rocks of the WAC (Fig. 3.7; Couëffé and Vecoli, 2011). 
It comprises the Kodjari-Buipe and the Afram-Bimbila subgroups (Affaton, 2008; Carney et al., 
2008;). The Kodjari-Buipe Subgroup consist of a “Triad” which comprises glaciogenic deposits 
(tillites), baryte-bearing dolomitic limestone (interpreted as cap carbonate), and thinly bedded 
siliceous shale or silexite (Affaton, 2008;). The Afram-Bimbila Subgroup is composed of a 
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rhythmic alternation of shale and siltstone, and various sandstone, or greywacke with lenses of 
clayey limestone. The Oti Group is considered as passive margin sediments by Affaton (1990), 
and Amedjoe et al. (2018) from lithofacies and geochemical data. On the contrary, because of the 
significant proportion of detrital zircons of the age range between 900 and 600 Ma, Carney et al. 
(2010), and Ganade de Araujo et al. (2016) proposed an active margin setting in which the Oti 
sediments were deposited in a foreland basin during Pan-African subduction and collision. Carney 
et al. (2010) interpreted the sediments from the Afram-Bimbila Subgroup as flysch-derived 
deposits from the Dahomeyide belt.  
The Obosum Group is subdivided into Yendi and Kebia subgroups. It is interpreted as molasse-
type sediments deposited in a foreland basin during the later stages of the Pan-African collision 
and oceanic closure (Kalsbeek et al., 2008; Carney et al., 2010). The Yendi Subgroup consists of 
a lower polymictic micaceous and mainly sandy formation, overlain by a thick sequence of shale, 
impure limestone, and siltstone. The Kebia Subgroup is made up of various polymictic sandstone 
and conglomerate, with lenses of shale and siltstone.  
The Voltaian Supergroup is, therefore, a composite basin made up of three groups of sedimentary 
rocks of distinct lithological, structural, geochemical, and geochronological features. The 
Bombouaka Group on a radiometric map shows very dominant Th concentration, which is distinct 
from the Oti and Obosum groups (Crowe and Jackson-Hicks, 2008). Sedimentary rocks from the 
Bombouaka Group are characterised by higher 87Sr/86Sr, εNd600Ma values (<-8), Eu anomaly, K2O, 
and Rb contents than the Oti and Obosum groups (Kalsbeek and Frei, 2010). Nd TDM600Ma >1900 
Ma is the characteristics of the Bombouaka Group. Youngest detrital zircon age of the Bombouaka 
Group is greater than 1000 Ma (Kalsbeek et al., 2008). Except for lithological differences, the Oti 
and Obosum groups are indistinguishable based on geochemical and geochronological 
characteristics. Both the Oti and Obosum groups have similar εNd600Ma values of >-7, Nd TDM600Ma 
model ages between 1900 and 1500 Ma, and detrital zircon age population of dominantly 900 – 
600 Ma (Kalsbeek et al., 2008; Kalsbeek and Frei, 2010). The Bombouaka Group was deposited 
in an epicontinental (passive margin) basin (Table 3.2; Kalsbeek et al., 2008), whereas both passive 
margin (for the lower Kodjari-Buipe Subgroup) and  Foreland basin units (for the upper Afram-
Bimbila Subgroup; Table 3.2; Carney et al., 2010; Couëffé and Vecoli, 2011) have been inferred 
for the Oti Group. The Obosum Group is molasse-type sediments deposited in a foreland basin 
74 
 
(Table 3.2; Kalsbeek et al., 2008; Carney et al., 2010). Depositional age of the Bombouaka Group 
is 959±62 Ma (Clauer, 1976). The tillite and cap carbonate of the Kodjari-Buipe subgroup 
correspond to the Marinoan glaciation dated at ca. 635 Ma (Porter et al., 2004; Carney et al., 2010), 
whereas the Afram-Bimbila Subgroup was deposited at 576±13 Ma (Barfod et al., 2004). The 
depositional age of the Obosum Group is unknown.  
3.6.3. Togo structural unit 
The Togo structural unit also known as the Atakora structural unit abuts in east-dipping thrust 
contacts with the BSU to the west and the Ho gneisses to the east. (Fig. 3.5; Ghana National 
Geological Mapping Project, 2009). The Togo structural unit outcrops along the coast in south-
eastern Ghana trending N-S to Benin, through Togo. It is an irregular, fault-bounded belt of 
metasedimentary rocks that consists of a series of hills and ridges called the Akwapimian Range 
in Ghana and Atacora Range in Togo and Benin (Adjei and Tetteh, 1997). The Togo structural 
unit consists of monocyclic arenaceous and argillaceous sedimentary rocks, which have been 
metamorphosed into quartzite, phyllite, and schist (Junner, 1940; Adjei, 1968; Adjei and Tetteh, 
1997). Minor chert, and hematite quartz-schist can also be observed (Junner, 1935). Quartzite in 
the Togo structural unit is fine- to medium-grained, foliated, jointed and fractured (Junner, 1940; 
Adjei, 1968; Adjei and Tetteh, 1997). The phyllite underlies the quartzite, it is fine-grained, thinly 
foliated, jointed, and micro fractured and contains muscovite and chlorite. The schist is fine to 
medium-grained and comprises quartz-schist, sericite quartz-schist, sericite-schist, and chlorite-
schist (Junner, 1940; Adjei, 1968; Adjei and Tetteh, 1997). From detrital zircon age and 
geochemical data, the quartzite, phyllite, and schist (referred to as the Kanti schist) of the Togo 
structural unit were deposited in a passive margin and foreland basins respectively with sediments 
sourced mainly from the WAC-Amazonian Craton and BNS respectively (Kalsbeek et al., 2008; 
Ganade de Araujo et al., 2016).  
In the northern segment of the Togo structural unit, rocks generally strike N-S, and this is truncated 
by a NE-SW thrust fault in the southern part (Attoh et al., 1997). Three types of folds have been 
described by Adjei and Tetteh (1997). These are recumbent, isoclinal, and open folds (Adjei and 
Tetteh, 1997). The most pervasive fold expressed in the rocks of the Togo structural unit is the 
isoclinal fold with an east-dipping axial plane and north plunging axis (Kesse, 1985). 
Metamorphism in the Togo structural unit occurred under upper greenschist facies condition and 
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this increases southeastwards to lower amphibolite facies, in the same way, deformation also 
increases towards the southeast (Wright et al., 1985; Attoh et al., 1997). 40Ar/39Ar analysis from 
muscovite in the quartzite of the TSU yielded ages of 579.4 ± 0.8 Ma in the southern part (Ghana) 
and 608.1 ± 0.2 Ma in the northern part (Togo and Benin) (Attoh et al., 1997). These ages have 
been interpreted to correspond to the two major deformations in the Togo structural unit. An earlier 
E-W shortening to produce the N-S-striking fabric at ca. 608 Ma in the north and a later NE-SW-
striking thrust in the south at ca. 580 Ma (Attoh et al., 1997). 
3.6.4. Buem structural unit 
The Buem structural unit (BSU) is an approximately 750 km-long belt, with a width between 5 
and 50 km (Affaton et al., 1997; Nude et al., 2015). It is the most external zone of the Dahomeyide 
belt, bounded east and west by thrust contacts with the Togo structural unit and the Voltaian 
Supergroup respectively (Fig. 3.5; Blay 1991, 2003; Affaton et al., 1997). The tectonic contacts 
between the BSU and the Togo structural unit are commonly marked by the occurrence of 
serpentinite (e.g. Wright et al., 1985; Griffis et al., 2002). The BSU comprises dominantly shale 
and sandstone and subordinate mafic suite and ultramafic complex, chert, carbonate, and ironstone 
(Fig. 3.8; Ghana National Geological Mapping project, 2009). Different workers have proposed 
different stratigraphic divisions for the BSU because of folding and thrust faulting (Table 3.3). For 
example, Simpara and Trompette (1985) divided the BSU into eastern deformed and 
metamorphosed (greenschist facies) units and western relatively undeformed and 
unmetamorphosed units. Bell (1961) and Bozhko (1969) divided the BSU into two, proposing an 
upper and a lower Buem series. Junner (1940) and Affaton (1990) on the other hand, distinguished 
four groups of rocks within the BSU. These are (a) argillaceous, (b) arenaceous, (c) jasper, and (d) 
basic rock groups (Table 3.3). The arenaceous group comprises conglomerate, sandstone, and fine-
grained quartzite, whereas the argillaceous group is composed of siltstone, mudstone, and shale. 
The jasper group is usually massive or bedded, and in some places brecciated (Jones, 1990; Osae 
et al., 2006). The basic rock group consists of volcanic rocks, gabbro, and serpentinite (Blay, 
1991). Instead of four groups, Blay (1991) divided the BSU into five main groups, i.e. from bottom 
to top, basal conglomerate, arenaceous, argillaceous, jasper, and volcanic groups (Table 3.3). 
There is, therefore, the need for detail fieldwork and structural studies of the BSU, together with 
the interpretation of airborne geophysical data, and qualitative restoration of orogenic structures, 




Figure 3.8: Geological map of the Buem structural units (extracted from the 1:1000000 geological 
map of Ghana). 
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Table 3.3: Proposed stratigraphic division for the Buem structural unit by previous workers. 
 
 





The BSU is deformed, with the deformation expressed as the result of thrust tectonics with 
development of imbricated thrust systems and duplexes (Affaton, 1990; Affaton et al., 1997). The 
thrust sheets are rarely associated with numerous occurrences of serpentinized ultramafic rocks 
(Wright et al., 1985; Griffis et al., 2002). The BSU is folded and faulted with the north and south 
Nkonya faults located between Kpandu and Fudome being the main fault system (Fig. 3.8). The 
North Nkonya fault according Nude et al (2015) has offset the volcanic rocks of the BSU to the 
east, which suggest sinistral and dextral displacements of the north and south Nkonya faults 
respectively (Jones, 1990; Nude et al., 2015). Jones (1990) indicated that the folds in the BSU are 
not well preserved meanwhile they are expressed as chevron folds in the fine-grained material. 
The BSU experienced earlier extension-related metamorphism under prehnite-pumpellyite facies 
condition (temperatures = 200 – 300 °C) which, has been overprinted during the Pan-African 
collision. This extension-related metamorphism is older than the Pan-African collision but coeval 
with the age of sedimentation (Affaton et al., 1997). The occurrence of secondary minerals 
including chlorite, epidote, and albite have been interpreted as lower greenschist facies 
metamorphism in the volcanic rocks and the sandstone (Jones, 1990; Nude et al., 2015). 
3.6.4.1. Sedimentary rocks of the Buem structural unit 
The sedimentary rocks of the BSU are dominantly shale and sandstone, and subordinate siltstone, 
limestone, chert, ironstone, and conglomerate (Junner, 1940; Jones, 1990; Kwayisi, 2014; Kwayisi 
and Nude, 2016). The sandstone occurs as lenticular rock with paucity of sedimentary structures 
suggesting deposition as an alluvial fan, therefore, of continental origin (Jones, 1990). The shale 
is interbedded with minor siltstone, thin-bedded sandstone, and impure limestone (Blay, 1991, 
2003). The shale is red, creamy, or dark grey and contains desiccation cracks and ripple marks 
indicating shallow water or subaerial deposition (Jones, 1990). The chert is normally red (jasper) 
of massive appearance and seldom brecciated (Osae et al., 2006). There are two main schools of 
thought regarding the mode of formation of the jasper on the basis of lithological and structural 
features. Jones (1990) and Kwayisi and Nude (2016) considered the jasper as metasomatic 
alteration of carbonate because of the occurrence of chert within the alteration haloes at the contact 
between carbonate and volcanic rocks. However, sedimentary features such as bedding within the 
chert led Affaton et al. (1980) and Crook (1970) to suggest they are primary sedimentary chert.  
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Two main groups of clastic sedimentary rocks have been identified in the BSU based on detrital 
zircon age population of the sandstone. 1). Passive margin sedimentary rocks with the youngest 
zircons dated at 950 – 1000 Ma that formed during the opening of the Pharusian Ocean and 
correlates with the Bombouaka Group of the Voltaian Supergroup and Quartzite of the Togo 
structural unit (Kalsbeek et al., 2008; Ganade de Araujo et al., 2016). 2). Foreland sedimentary 
rocks derived from the BNS during Pan-African collision with youngest detrital zircons at ~600 
Ma, which, correlates, with the Oti Group of the Voltaian Supergroup and the Kanti schist of the 
Togo structural unit (Ganade de Araujo et al., 2016). 
3.6.4.2. Volcanic rocks 
The volcanic rocks trend N-S, and outcrop mainly in the southwestern (Nkonya and Kwamikrom) 
areas) and north-central portions (Asukawkaw, and Tintiano areas) of the BSU (Fig. 3.8; Blay, 
2003; Nude et al., 2015). Compared to the sandstone and shale, the volcanic rocks appear less 
deformed (Junner, 1940; Crook, 1970). Crook (1970) interpreted this as overthrusting of the 
sandstone onto the volcanic rocks. Jones (1990) however, observed no thrust plane between the 
volcanic rocks and the sandstone, and thus concluded that the volcanic rocks, sandstone, and shale 
form one conformable sequence, with the volcanic rocks being the oldest. 
Robertson et al. (1925), Junner (1936), Jones (1990) classified the volcanic rocks as olivine phyric 
basaltic rocks, agglomerate, and hyaloclastite. However, detailed petrographic work by Kwayisi 
(2014) and Nude et al. (2015) show that the volcanic rocks are spherulitic, amygdaloidal, vesicular, 
phyric and aphyric basalts, pyroclastic breccia, and agglomerate. Geochemically, the volcanic 
rocks are classified as subalkaline basalt, alkali basalt, basaltic-andesite, andesite, trachyte, and 
phonolite (Nude et al., 2015). Jones (1990) proposed a continental rift zone as the environment of 
formation of the volcanic rocks from the Nkonya area (Fig. 3.8), based on their alkaline nature, 
and the continental nature of the associated sedimentary rocks. In south-eastern Ghana (Nkonya 
and Kwamikrom areas, Fig. 3.8), the BSU volcanic rocks have affinities to E-MORB, and OIB 
suggestive of rifting of an attenuated transitional lithosphere (Nude et al., 2015). Nonetheless, 
geochemical data on the BSU volcanic rocks of the Tiéle region in Benin indicate that they are 
sub-alkaline, resembling MORB (Affaton et al., 1997). Affaton et al. (1997) argued that a passive 
margin setting is the appropriate geodynamic setting since this is the only setting that would afford 
the space and time for extension-related magmatism and associated thick sedimentation. 
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Radiogenic isotope data for a better constraint of the source on the volcanic rocks are therefore 
needed. 
The age of the volcanic rocks is poorly constrained. Bozhko et al. (1971) published a crystallisation 
age of the volcanic rocks at ca. 624 Ma (whole-rock K/Ar age). Affaton et al. (1997) disagreed 
with the age of ca. 624 Ma because, in their view, the volcanic rocks were affected by extension-
related metamorphism under prehnite-pumpellyite facies before Pan-African collision. 
Consequently, the older ca. 624 Ma age does not correspond to the crystallisation age of the 
volcanic rocks (Affaton et al., 1997). However, the age of 624 Ma is within error with the 40Ar/39Ar 
isochron age of 623 ± 7 Ma for the volcanic rocks of Boamah (2017), which he interpreted as their 
extrusion and cooling age.  
3.6.4.3. Mafic plutonic rocks 
The petrography and geochemistry of the mafic plutonic rocks of the BSU have been mainly 
described by Kwayisi et al. (2017). The mafic plutonic rocks, which are mainly gabbros occur in 
limited extent within the BSU. Two types of gabbros have been described by Kwayisi et al. (2017) 
based on structural, petrographic, and geochemical data. The first group is strongly schistose and 
highly jointed, and mostly in association with the volcanic rocks with either a primary or tectonic 
contact (Kwayisi et al., 2017). This group shows geochemical signatures that are akin to N-MORB, 
suggesting formation from a depleted mantle source. The second group is generally massive and 
mostly in contact with the sedimentary rocks of the BSU, including the chert and shale. 
Geochemically, this group of gabbros has an arc-related signature, which has been interpreted as 
contamination by a subducted component (Kwayisi et al., 2017). In a geodynamic scenario, the 
emplacement of the group one gabbro might be related to the rifting of the passive margin of the 
WAC before Pan-African plate convergence, with the second group emplaced during the 
subduction-collision phase of the Pan-African orogeny (Kwayisi et al., 2017). No 
geochronological and isotopic data which will help in constraining the origin, source 
characteristics and timing of emplacement have been reported for the gabbros of the BSU. 
3.6.4.4. Ultramafic rocks 
The ultramafic rocks of the BSU are mainly serpentinised peridotites which are schistose and 
massive, with the schistosity dipping steeply to the east. These rocks represent mantle materials 
and thus their occurrence at the same exposure level with continental materials coupled with their 
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schistose nature may suggest accretion of mantle material, exhumation and thrusting (Kwayisi, 
2014). The serpentinised peridotites have been interpreted to represent an ophiolite complex 
because of their association with volcanic and sedimentary rocks (Burke and Dewey, 1972). Burke 
and Dewey (1972) suggested that this ophiolite complex marks the suture zone of the Dahomeyide 
belt. Jones (1990) argued that the serpentinised peridotites and the volcanic rocks are unrelated 
and thus could not represent an ophiolite complex. Jones (1990) proposed that the schistose nature 
of serpentinised peridotites suggests emplacement during the continent-continent collision of the 
Pan-African orogeny. Griffis et al. (2002) from a review of the field and petrographic data of the 
BSU inferred that the serpentinised peridotites probably represent tectonically emplaced slices of 
paleo-oceanic crust caught up in the suturing of adjacent continental blocks during the Pan-African 
orogeny. The chemical composition of Cr-spinel obtained from the serpentinised peridotites 
suggested that they may represent the dismembered mantle part of an ophiolite complex formed 
in a mid-ocean ridge or back-arc basin setting (Asiedu et al., 2008). There is, therefore, the need 
for a comprehensive field and geochemical studies of the ultramafic rocks to constrain their origin 
and tectonic setting, compare them to the BSU mafic suite to propose a model for their 
emplacement. 
3.6.5. Correlation between the BSU, TSU and Voltaian Supergroup 
Correlation between the Buem and Togo structural units and the Voltaian Supergroup is a matter 
of continuous debate. Junner and Hirst (1946) suggested that the BSU and the Togo structural unit 
are older than the Voltaian Supergroup because the former two are deformed and metamorphosed. 
Conversely, Grant (1969), Bozhko (1969) indicated that the BSU and Togo structural unit are 
lateral equivalents of the Voltaian Supergroup based on similarities in lithologies and gradual 
transition between the Oti Group and BSU, and the Bombouaka Group and the Togo structural 
unit. Studies by Affaton (1990) suggested that the BSU is divided into two groups, with the upper 
BSU correlated with the Oti Group and the lower BSU correlated with the Bombouaka Group with 
similar lithologies. Affaton (1990) noted that the “triad” of the Oti Group can be traced in the upper 
BSU, suggesting that the two are laterally equivalent. On the contrary, the record of detrital zircon 
ages of <950 Ma obtained for the BSU sandstone by Kalsbeek et al. (2008), indicates that the entire 
BSU correlates with the Bombouaka Group and quartzite of the Togo structural unit. The 
Bombouaka Group and the Togo structural unit quartzite have youngest detrital zircon ages at 
1160 Ma and 930 Ma respectively (Kalsbeek et al., 2008; Ganade de Araujo et al., 2016). Ganade 
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de Araujo et al. (2016) suggested that the widening of the Pharusian Ocean resulted in the 
incorporation of 1000 – 950 Ma detrital zircons into the upper section of the passive margin units 
of the Dahomeyide belt. The entire BSU has been interpreted as passive margin units from 
petrographic and geochemical studies (Osae et al., 2006). Hence, the BSU, Togo structural unit 
and Voltaian Supergroup were deposited in the same passive margin basin (Kalsbeek et al., 2008; 
Ganade de Araujo et al., 2016). Detrital zircon ages of 900 – 600 Ma have been recorded from one 
sandstone sample of the BSU in Benin by Ganade de Araujo et al. (2016), which, has been 
interpreted as foreland basin unit deposited during peak collision. The presence of 900 – 600 Ma 
zircon grains in the BSU indicates that at least part of the BSU correlates with the Oti Group of 
the Voltaian Supergroup. All these calls for a comprehensive provenance and depositional setting 
evaluation of the BSU utilising petrographic, geochemical, detrital zircon U-Pb ages and Lu-Hf-
in zircon isotopic data. 
3.6.6. Geodynamic setting of the BSU  
Several models have been proposed for the geodynamic setting of the BSU. Burke and Dewey 
(1970) proposed that the BSU marks a paleosuture between two collided continents. These authors 
argued that rocks of the BSU (e.g. pillow lavas, serpentinites) represents an ophiolite suite, 
depicting the characteristics of plate accretion and plate consumption environments. This could 
signify the occurrence of two oceanic terranes in the Dahomeyide belt: the PSZ on the one hand 
and the BSU on the other (Fig. 3.9). Jones (1990) suggested that the continental rift setting for the 
formation of the BSU volcanic rocks, does not support the Pan-African oceanic accretion and 
collision and thus the BSU does not represent an ophiolite. The presence of ductile and brittle 
deformational features such as folds, imbrication, thrust, nappe stacking and sedimentary cover 
decollement suggest that the BSU underwent a major thrusting event under ductile and brittle 
conditions during the Pan-African collisional event (Affaton et al., 1997). Affaton et al. (1997) 
proposed that the volcanic rocks formed in a passive margin setting during the late stages of an 
extension before oceanisation or during the early drifting of oceanic crust based on their tholeiitic 
signatures and E-MORB affinities. The authors argued that owing to the occurrence of the BSU 
on the lower WAC plate, it cannot represent a Pan-African major or cryptic suture zone as 
indicated by Burke and Dewey (1972). The serpentinised peridotites formed in a mid-ocean ridge 
or back-arc basin setting (Aseidu et al., 2008). In that regard, they might represent the 




Figure 3.9: West-east cross-section of the Dahomeyide belt showing the occurrence of two 
oceanic terranes (modified after Guillot et al., 2019). 
 
Kwayisi (2014) proposed that the BSU might represent an accretionary wedge, evolving from a 
marine to a continental environment during the Pan-African orogenic event.  
The provenance and depositional setting of the BSU sedimentary is a matter of continuous debate. 
Passive margin setting has been proposed for the entire BSU by Osae et al. (2006) and Kalsbeek 
et al. (2008), whereas deposits of foreland basin have been proposed for the upper part of the BSU 
by Ganade de Araujo et al. (2016). The WAC and/or Amazonian Craton are the main sources of 
sediments for the entire BSU, although Ganade de Araujo et al. (2016) have suggested sediments 
contribution to the upper BSU from the Benino-Nigerian Shield. Considering all these 
contradictory interpretations of the geodynamic setting, provenance, and depositional setting of 
the BSU, integrated geophysical, structural, petrological, geochemical, isotopic, and 
geochronological studies of the Buem structural unit are undoubtedly required to infer its origin 
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THE TECTONOSTRATIGRAPHIC SUCCESSION AND EVOLUTION OF THE BUEM 
STRUCTURAL UNIT OF THE PAN-AFRICAN DAHOMEYIDE BELT, WEST AFRICA  
(This chapter has been published in Precambrian Research: “Kwayisi, D., Lehmann, J., & 
Elburg, M. (2020). The architecture of the Buem Structural Unit: Implications for the tectonic 
evolution of the Pan-African Dahomeyide Orogen, West Africa. Precambrian Research, 338, 
105568”). 
4.1. INTRODUCTION 
The Dahomeyide belt, along the south-eastern margin of the West African Craton (WAC), 
comprises passive and active margin units, ultrahigh- to high-pressure U(HP) oceanic terranes, 
basement complexes and post-collisional sedimentary basins (e.g. Attoh, 1998; Ganade de Araujo 
et al., 2014; Guillot et al., 2019). The Dahomeyide belt formed during the Pan-African orogeny 
and assembly of NW Gondwana between 780 and 540 Ma (Ganade de Araujo et al., 2014; 2016), 
related to the subduction of an oceanic basin, the Pharusian Ocean, followed by continental 
subduction of the WAC, and continent-continent collision with the Benino-Nigerian Shield (BNS; 
e.g. Attoh, 1998; Attoh et al., 2007; Agbossoumondé et al., 2001; 2004; Duclaux et al., 2006; 
Ganade de Araujo et al., 2014; 2016; Guillot et al., 2019). 
The Buem structural unit (BSU) in Ghana is represented by weakly metamorphosed fragments of 
oceanic lithosphere (Burke and Dewey, 1972; Affaton et al., 1997; Asiedu et al., 2008; Nude et 
al., 2015) associated with passive margin and continental sedimentary units (Jones, 1990; Affaton 
et al., 1997; Nude et al., 2015). A well-defined suture, the Pharusian suture zone (PSZ), is marked 
by the occurrence of eclogite and granulite gneisses, some 50 km east of the BSU. This belt of 
U(HP) rocks was exhumed during E-W oceanic closure involving continental subduction at ca. 
620 – 605 Ma (Affaton et al., 2000; Hirdes and Davis, 2002; Guillot et al., 2019). The BSU is 
separated from the PSZ by a discontinuous belt of Paleoproterozoic mylonitic granitoid gneisses 
(locally referred to as the Ho gneisses, e.g. Attoh 1998; Attoh et al., 2007) and the metasedimentary 
rocks of the Togo structural unit (Ghana National Geological Map Project, 2009). How the BSU, 
a domain of at least partial oceanic affinity, but physically separated from the PSZ units, relates to 
the formation of the orogenic belt remains enigmatic. For instance, Jones (1990) suggested that 
95 
 
the BSU formed during rifting of continental crust and was not affected by the Pan-African 
collision. On the contrary, Affaton et al. (1997) indicated that the BSU underwent a major thrusting 
event under both ductile and brittle conditions. These different interpretations are mainly due to 
the poor documentation of the lithostratigraphic sequence and structural relations of the various 
units within the BSU and the lack of detailed structural and petrological studies.  
This study presents for the first time high-resolution magnetic and radiometric data for the entire 
Ghanaian portion of the BSU. These are used to review the surface and deep crustal architecture 
of this belt. The total magnetic intensity and radiometric data have been interpreted in conjunction 
with the existing 1:1,000,000 scale geological map, a digital elevation model using Shuttle Radar 
Topography Mission (SRTM 3; 30 m spatial resolution) data, and field data. In addition, this study 
describes the deformation history of the BSU in order to provide constraints on its tectonic 
evolution in the framework of the geodynamic evolution of the Pan-African Dahomeyide belt of 
West Africa. 
 
4.2. GEOLOGICAL SETTING 
The WAC stabilized tectonically after the last main phase of the Eburnean orogeny at ca. 2000 Ma 
(Schlueter, 2005; Petters, 2014). The WAC is surrounded entirely by Pan-African Mobile Belts 
(Fig. 4.1a; Ennih and Liégeois, 2008). Among these is the Trans-Saharan mobile belt (of which 
the Dahomeyide belt is a part; Black et al., 1979, 1994; Affaton et al., 1991; Attoh and Nude, 
2008), which occurs at the eastern margin of the WAC. The Anti-Atlas, Rockelide, and 
Bassaride/Mauritanide belts occupy the northern, southern, and western margins of the WAC 
respectively (Villeneuve et al., 1987; Hefferan et al., 2000; Ennih and Liégeois, 2001). The WAC 
in Ghana consists of alternating NE-trending greenstone and metasedimentary belts of the 
Birimian Supergroup (Fig. 4.1b) assembled at ~ 2.1 Ga during the Eburnean orogeny, intruded by 
Eburnean granitoids, and overlain by the slightly younger clastic sedimentary rocks of the 
Tarkwaian Group. The sedimentary rocks of the ca. 900 to 450 Ma Voltaian Supergroup occupy 
the south-eastern part of the WAC and border the Dahomeyide belt to the west (Fig. 4.1b). 
In Ghana, Togo and Benin, the southern segment of the long (>2500 km) Trans-Saharan mobile 
belt is exposed as the Dahomeyide belt (Fig. 4.1a, e.g., Trompette, 1997; Ganade de Araujo et al., 
2014). This belt resulted from the eastward subduction of Neoproterozoic passive margin 
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sequences and Pharusian oceanic crust, and subsequent collision of the WAC with the BNS (Attoh, 
1998; Castaing et al., 1993; Agbossoumondé et al., 2004; Duclaux et al., 2006; Attoh et al., 2013). 
 
Figure 4.1: (a) Simplified tectonic map of the West African Craton and surrounding Pan-African 
and Hercynian orogenic belts (modified after Feybesse and Milési, 1994). (b) Geological map of 
the Pan-African orogenic belt in Ghana, Togo and Benin and adjoining Paleoproterozoic Birimian 
rocks to the west. Note the internal crustal architecture of the WAC in Ghana marked by NE-
trending belts. (c) Geological map of the Buem structural unit (extracted from the 1:1,000,000 
geological map of Ghana, 2009). 
The Dahomeyide belt is separated from the Paleoproterozoic Birimian rocks and the Voltaian 
Supergroup by the generally N-S trending, west-verging Pan-African frontal thrust, (Fig. 4.1b; 
Ghana National Geological Mapping Project, 2009). Three structural units have been identified 
within the Dahomeyide belt, namely, the Buem, Togo and Dahomeyan structural units (from west 
to east on Fig. 4.1b; Attoh et al., 1982; Ghana National Geological Mapping Project, 2009). The 
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Buem and the Togo structural units are part of the external zone, whereas the Dahomeyan structural 
unit comprises the suture, the internal zones, and a part of the external zone (Ho gneisses). These 
three zones possess distinct gravity anomalies (El-Hadj Tidjani et al., 1997). The external zone is 
characterised by a negative isostatic anomaly interpreted to reflect the presence of a crustal root. 
The suture and internal zones feature strong positive anomalies, which are connected with heavy 
deep structures, interpreted to correspond to a root of basic rocks, e.g. an underplated forearc 
(Guillot et al., 2019).  
The Togo structural unit and the Voltaian Supergroup border the BSU to the east and west, 
respectively (Fig. 4.1b). Rocks of the BSU extend from Ghana through to Togo and Benin and 
form a belt that is about 750 km long and 5 to 50 km wide (Affaton, 1990; Affaton et al., 1997). 
The BSU consists of sedimentary, volcanic, and mafic-ultramafic plutonic rocks (e.g. Affaton, 
1990; Jones, 1990; Affaton et al., 1997; Nude et al., 2015; Kwayisi et al., 2017). Detrital zircon 
ages of the sediments of the BSU indicate that two main sources exist. A population with the 
youngest zircons dated at ~ 950–1000 Ma correlates with the lower part of the Voltaian Supergroup 
and is interpreted as passive margin deposits of the Pharusian Ocean (Kalsbeek et al., 2008). A 
younger population with detrital zircons as young as ~ 600 Ma correlates with the middle Voltaian 
Supergroup sediments and is interpreted as foreland deposits shed from the eastern internal units 
after collision (Ganade de Araujo et al., 2016). Recent work by Nude et al. (2015) and Kwayisi et 
al. (2017) has focused on the volcanic and associated mafic-ultramafic plutonic rocks of the BSU 
(Fig. 4.1c). The volcanic rocks are mainly alkali and subalkaline basalts, basaltic-andesite, and 
trachyte (Nude et al., 2015) associated with pyroclastic rocks and volcanic breccias (Kwayisi, 
2014; Kwayisi et al., 2017). The mafic-ultramafic plutonic rocks are gabbro and serpentinised 
peridotite (Kwayisi et al., 2017). There is little agreement on the stratigraphy of the BSU in the 
literature (Table 4.1), because of folding and thrust faulting, and because different authors focused 
on different parts of the BSU.  
Affaton et al. (1997) described the Buem volcanic rocks in the Tiele area, NW Benin (Fig. 4.1c) 
as having undergone extension-related metamorphism, under prehnite-pumpellyite facies 
conditions. These authors reported later mineralogical re-equilibration under slightly higher 
pressure pumpellyite-actinolite facies, associated with burial during the Pan-African orogeny, but 
without noticeable temperature increase. In Ghana, lower greenschist facies metamorphism 
98 
 
(chlorite, epidote, and albite) is inferred from the volcanic rocks and the sandstones (Jones, 1990; 
Nude et al., 2015). 
Table 4.1: Stratigraphic subdivision and lithological distribution of the Buem Structural Unit. The 





The BSU was deformed by west-verging imbricated thrust systems and duplexes (Affaton, 1990; 
Affaton et al., 1997). The thrust sheets are rarely associated with the occurrence of serpentinite 
(Wright et al., 1985; Griffis et al., 2002). Jones (1990) identified two NE-SW-striking main faults 
(North and South Nkonya) that are located between Kpandu and Fudome (Fig. 4.1c). Nude et al. 
(2015) suggested that the volcanic rocks have been displaced to the east by the North Nkonya fault. 
The inferred offset of the top of the volcanic rocks across the north and south faults implies a 
dextral displacement on the southern fault and a sinistral displacement on the northern fault (Jones, 
1990).  
 
4.3. FIELD RELATIONS AND STRUCTURES 
The BSU features several broadly N-S trending ridges and valleys, which are strongly influenced 
by the lithological units. Detailed field mapping has highlighted the occurrence of sedimentary 
(clastic and chemical), volcanic and mafic-ultramafic plutonic rocks within the BSU (Table 4.1). 
Figure 4.2 presents the tectonostratigraphic column of the BSU, which will be discussed from 
bottom to top. Structurally, slate, schist, and sandstone occupy the base of the BSU, followed 
progressively upwards by peridotite, gabbro, and massive and pillow lavas, turbiditic 
shale/greywacke and chemical sediments, with quartz-rich, diamictite, and volcaniclastic 
sandstone forming the upper part of the BSU (Fig. 4.2). The sandstone, diamictite and occasionally 
ironstone make up the ridges with the shale occupying the valleys and lowlands. The volcanic, 
mafic, and ultramafic plutonic rocks, jasper, chert, and limestone/dolostone also form ridges; 
however, they are not as prominent as the sandstone ridges.  
The slate and schist are strongly folded and foliated (with the growth of chlorite and muscovite); 
schistosity is best developed especially at the contact with the igneous rocks. The slate is 
occasionally intercalated with sandstone (Fig. 4.3a). The peridotite has undergone various degrees 
of serpentinisation, brecciation and schistosity development (Fig. 4.3b) but its primary cumulate 
texture, is well-preserved in many places. The peridotite units are typically overlain by the gabbro 
with a tectonic contact. In places, a thin layer (about 2 m) of limestone/dolostone overlies the 
peridotite with a primary contact (e.g. near Aburubuwa, Fig. 4.3b). Primary contacts between 
gabbro and volcanic rocks are locally preserved, suggesting a shared pre-deformation geological 




Figure 4.2: Tectonostratigraphic sequence of the BSU, showing primary and secondary 
relationships between the different units. Thick lines in-between units represent tectonic contacts, 




Figure 4.3: Field photographs of (a) intercalation of slate and sandstone, (b) serpentinised 
peridotite in primary contact with dolostone, (c) schistose gabbro, (d) jasper vein cutting pillow 
lava (e) jasper-limestone interlayers, (f) pillow lava facing ENE, (g) schistose basalt, and (h) thick 
(> 30 cm) beds of sandstone and diamictite. 
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However, in most places, the gabbro shows schistosity (Fig. 4.3c) marked by chlorite and epidote, 
and structurally underlie the volcanic rocks with a tectonic contact. The jasper/chert either occurs 
as a cm-thick veins within the pillow lavas or is interlayered with limestone/dolostone or massive 
beds overlying the volcanic rocks (Figs. 4.3d and 4.3e). This association may suggest the formation 
of the jasper/chert and limestone/dolostone in a marine environment.  
The pillow lavas range in size from about 0.3 to 2 m with downward-pointing bases and rounded 
upper surfaces observed on horizontal pavement outcrops suggesting that the lavas have been 
steeply folded around a NNW-plunging axis (Fig. 4.3f). At the contact with the sedimentary and 
mafic-ultramafic plutonic rocks, the volcanic rocks are schistose with steep dips to the east or west 
(Fig. 4.3g). Thin layers (0.5 to 1 m) of reddish shale and sandstone, and turbiditic shale/greywacke 
sometimes occur within the volcanic rocks. These sedimentary rocks are deformed, showing 
elongation and preferred orientation of their framework grains. Massive and thick (0.5 to ̴ 1 m) 
beds characterise the sandstone and diamictite (Fig. 4.3h). Rock fragments within the diamictite 
include granitoids, metamorphic rocks (such as slate, schist, and quartzite), and fragments of 
sandstones, greywacke, and volcanic rocks. Thin (1 to 5 cm) layers of slate often occur as interbeds 
within the diamictite and sandstone.  
Three tectonic foliations (S1, S2, and S3) are developed throughout the rocks of the BSU. The 
ubiquitously developed NNW-striking S2 foliation (Fig. 4.4a) is axial planar to isoclinal and 
chevron F2 folds that are cylindrical at mesoscale (Figs. 4a-c). S2 has folded an existing but poorly 
preserved bedding-parallel metamorphic planar fabric (S0-1; Fig. 4c). Poles to S2 planes broadly 
cluster along a WSW-ENE direction (Fig. 4.5a) which is compatible with shallow to sub-horizontal 
NNW-trending B2 fold axes (Fig. 4.5b, open diamonds). The moderate scattering in dip angle of 
the main metamorphic foliation in figure 4.5a is interpreted as fanning of S2 and/or not fully S2-
transposed S0-1 foliations. S2 is marked by shape-preferred orientation of quartz, albite, chlorite, 
and muscovite in the slate and quartzite, and chlorite, epidote, and albite in the mafic volcanic and 
plutonic rocks, and serpentine in the ultramafic rocks (Figs. 4.4c and 4.4d). S2 is strongly 
developed in the slate and schistose peridotite and more weakly in the volcanic and schistose 





Figure 4.4: (a) Field photograph of an isoclinal fold with a steeply east-dipping axial plane parallel 
to S2 in an interlayer between two sandstone beds of the upper clastic units, (b) field photograph 
of a F2 chevron fold (slate of the lower clastic units, Fig. 2), which has affected the bedding-parallel 
S0-1 metamorphic foliation, (c) photomicrograph showing F2 folding of S0-1 metamorphic foliation, 
with the axial planar schistosity S2 defined by chlorite and/or muscovite (crossed polars), (d) 
photomicrograph of strongly schistose serpentinite, with the S2 foliation defined by serpentines 
(crossed polars), (e) and (f) field photographs of (e) F3 kink fold in slate (lower clastic units, Fig. 




Figure 4.5: Lower hemisphere, equal-area plots of poles to foliations and orientation of lineations 
(a) NNW-striking S2 tectonic foliation, (b) fold axes (open diamonds – B2, shallowly NNW-
plunging, filled diamonds – down dip L2 lineations, which plunges to the E-ENE), (c) poles to 
axial planes of F3 folds (filled squares), B3 fold axis (open squares). 
 
Locally-developed bedding- and S2-parallel shear zones range in length from 3 to 10 m and in 
width between 0.5 to 1 m (Fig. 4.6). Shear zone-bounded internal S2 schistosity is sigmodal in 
shape and associated with down-dip L2 slicken or stretching lineations (Fig. 5.5b, filled diamonds). 
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F3 kink bands, crenulations, and S-type folds (Figs. 4.3f, 4.4e, and 4.4f respectively) exhibit sub-
vertical to steeply SE-dipping axial planes (Fig. 4.5c, filled squares), parallel to locally developed 
S3 tectonic foliation. B3 fold axes are shallow to steeply ENE-plunging; the spread representing 
the variation in orientations of the folded S2 foliation (Fig. 4.5c, open squares).  
 
Figure 4.6: (a) Field photograph of steeply E-dipping sandstone and slate (upper clastic units, Fig. 
2) showing bedding-parallel top-to-the-west D2 shearing, (b) detailed view of the shear zone in fig. 
6a, showing sigmoidal S2 foliation compatible with top-to-the-west sense of shear. 
 
4.4. GEOPHYSICAL DATA AND PROCESSING 
4.4.1. Geophysical data 
The Geological Survey Authority of Ghana (GSA), in partnership with the Geological Survey of 
Finland (GKT) and the Minerals Commission of Ghana, acquired the airborne geophysical data 
between 1997 and 1998. During the aeromagnetic survey, a nominal flight line spacing of 400 m 
with a flying height of 70 m and a tie-line of approximately 5 km were maintained for the terrain. 
The survey was flown along an east-west direction (i.e., orthogonal to the main structural grain of 
the BSU) by means of a fixed-wing aeroplane (Cessna Titan 404 (C-FYAU)) with a resolution of 
0.01 nT and a noise envelope of 0.1 nT. Measurements were taken every 8 m. Radiometric data 
sampling was done every 80 m using an aeroplane with Exploranium spectrometer (model GR-
820) with 256 spectral channels and a GPX-1024 detector with 1024 cubic inches of NaI (Tl) 
(sodium iodide crystals treated with thallium) mounted on it. Real-time differential GPS was used 
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for positioning. These data were integrated with SRTM 3, and with both published and our new 
geological and structural data for a better interpretation. 
4.4.2. Data processing 
Before detailed processing and transformation of the aeromagnetic and radiometric data, GKT 
performed the following corrections: diurnal variations, differences in terrain clearance, stripping, 
the lag error between the aeroplane and the sensor, instrument variation, discrepancies between 
flight lines and tie lines, aeroplane heading, micro-levelling, and background correction. The 
micro-levelling corrected the small inconsistencies and spatially homogenised the data and made 
it possible to generate a better image for analysis. The corrected Total Magnetic Intensity (TMI) 
and radiometric data were interpolated onto a square grid using a grid cell size of 100 m (Figs. 
4.7). 
4.4.2.1. Aeromagnetic data: Total Magnetic Intensity (TMI) 
Milligan and Gunn (1997) and Guy et al. (2014) suggested that, since the appearance of a magnetic 
signal is heavily reliant on the inclination of the ambient geomagnetic field, the magnetic signals 
are asymmetric and are not centred above their causative bodies except at the magnetic poles where 
the magnetic field is vertical. As such, a commonly employed procedure is to transform the 
magnetic anomalies to that which would be observed in a vertical geomagnetic field and to centre 
them over their sources (Gunn et al., 1997). Mathematical transformation or filtering methods, 
such as Reduce-to-the-Pole (RTP) and analytic signal (AS), are usually applied to place the 
magnetic anomaly as if it sits over the magnetic source (Gunn et al., 1997). However, in areas of 
low magnetic inclination (i.e., areas close to the equator; inclination <15°) the traditionally 
performed RTP becomes unstable (MacLeod et al., 1993; Li, 2008). Also, N-S oriented anomalies 
could not be represented accurately at low inclinations (Beard, 2000; Reeves, 2005). Hence, in low 
magnetic inclination areas, the Reduce-to-the-Equator (RTE) or some modification of the RTP are 
applied (MacLeod et al., 1993; Li, 2008). The magnetic inclination for the BSU was found to be 
12.5° thus the RTE transformation was applied to the gridded image (Fig. 4.8a).  
On the whole, magnetic anomalies are always broader than the causative body, and this creates a 
problem of anomaly interference between adjacent bodies, causing the delineation of the edges of 
bodies to be very difficult. To resolve this and make qualitative interpretation easier, processing 
using the First Vertical Derivative (1VD) and the Analytical Signal (AS) was done (Figs. 4.8b and 
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Fig. 4.8c). 1VD is a good method for resolving anomalies in TMI maps by preserving peak 
amplitudes over the causative magnetic bodies while suppressing the regional magnetic field 
component (Paine, 1986). 
 
Figure 4.7: (a) Total Magnetic Intensity (TMI) map of Ghana showing high and low magnetic 
intensities of the different geological terrains. The Paleoproterozoic Birimian rocks show NE-SW-
trending magmatic highs and low whereas the N-S magnetic high and low anomalies are 
represented by the Buem Structural Unit. The other N-S linear magnetic anomalies, west of BSU, 
are mafic dyke swarms (see map in Fig. 1b). (b) TMI map of the BSU. Two sets of magnetic high 
and low anomalies can be observed: NE-SW- and N-S-trending anomalies. The NE-SW-trending 
magnetic anomalies are broader and appear to have been superimposed by the N-S magnetic 






Figure 4.8: (a) Reduced-to-the-equator (RTE) aeromagnetic map of the BSU, label 1 on the map 
represents magnetic highs for the volcanic rocks, and label 2 is for the mafic-ultramafic rocks, (b) 
Analytical Signal (AS), (c) First Vertical Derivative (1VD) map. Major thrust faults have been 
interpreted based on cyclic map repetition of the same magnetic signal and sharp asymmetric 
changes on the western side of the magnetic highs. These thrust faults were identified in the field 
in areas where strongly schistose serpentinites are in contact with or at places overlie the 
sedimentary rocks. and (d) Tilt-Angle Derivative (TDR) map of the BSU showing subsurface 
structural features with dominant N-S trending thrust sheets, and faults in three main orientations 
(N-S-, E-W- and NE-SW-trending, illustrated by the thick black lines).  
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The 1VD reduces the width of anomalies and match more closely the source body. The AS 
technique is used to locate the edges of remanently magnetised bodies and to centre anomalies 
over their source bodies. This is based on the premise that the strength of magnetisation of rocks 
is directly proportional to their analytical signal. Oruc and Selim (2011) indicated that long-
wavelength anomalies are not necessarily diminished when delineating linear features by applying 
edge delineation filters. Hence, a Tilt-Angle Derivative (TDR) filter was applied to enhance short-
wavelength anomalies and expose the presence of magnetic lineaments (Fig. 4.8d). Upward 
continuation filtering aided in determining the depth range of deeper magnetic sources (Fig. 4.9). 
With the Depth-to-Basement extension on Geosoft Oasis Montaj, the depth-to-basement of the 
magnetic source was determined, employing Werner Deconvolution (WD). WD can determine the 
position and strength (i.e. magnetic susceptibility) of a magnetic causative body for a magnetic 
profile by using the horizontal and vertical derivatives and a least-squares approach (Ku and Sharp, 
1983). The authors suggested that this method is particularly useful because the horizontal gradient 
of the total magnetic field produced by the edge of a wide tabular body is comparable to the total 
field from juxtaposed thin dykes. WD makes the assumption that the causative body were either 
dykes or contacts with unlimited depth range.  
4.4.2.2. Radiometric data 
The radiometric data were gridded and subjected to several enhancing techniques for better 
understanding of the radiometric signature correlated with the host rock alteration and geometry 
of the geological unit. Enhanced gridded maps of potassium (K), equivalent thorium (eTh) and 
equivalent uranium (eU) were produced and subsequently micro-levelled using a routine 
developed by Blum (1999) (Equivalent Th and U mean that the concentrations of these two 
elements are based on the assumption of equilibrium conditions, thus their radiation is from the 
decay product of Bi214 and Tl208).  Micro-levelling filters out most of the seeming residual error 
left over after the application of the regular survey gridding and also correct for minor 
inconsistencies, and spatially homogenises the data (Elton et al., 2003). The different histograms 
of K, eTh, and eU were subjected to histogram equalisation to provide optimal colour disparity 
(Fig. 4.10a to c), before combining to generate the ternary map using Geosoft Oasis Montaj 
software (Fig. 4.10d). The ternary map is a colour image representing the refined disparities in the 




Figure 4.9: Upward Continuation (UC) maps, (a) The two sets of magnetic high and low 
anomalies are persistent in Upward Continued magnetic data to a depth of 500 m, (d) N-S magnetic 
high and low anomalies fade in Upward Continued magnetic data at a depth of 1500 m, (c) 
disappearance of the N-S magnetic high and low anomalies, with only very faint traces in the NE 
part of the BSU in Upward continued magnetic data at a depth of 3000 m, and  (d) Upward 





4.5. RESULTS AND INTERPRETATION 
4.5.1. Lithological distribution 
Magnetic survey is a useful tool in determining the width, depth, and dip of the magnetic body, 
magnetic susceptibility, and remnant magnetisation by mapping the spatial disparity of the 
magnetic field strength of the (sub)surface. In regions of stable continental crust, at depth of about 
20 – 25 km, all rocks lose their magnetism (i.e. above the Curie temperature of ca. 550° C; Cook 
et al., 2003; Purucker and Whaler, 2006). Igneous and metamorphic rocks usually have high 
magnetic susceptibilities compared to sedimentary rocks. 
The spatial dissemination of K, eTh, and eU that is measured during airborne radiometric survey 
reflects their distribution in the upper 30 – 45 cm of the crust and can be used to map horizontal 
lithological variations, assuming that their distribution in the soil reflects that of the underlying 
bedrock (Gregory and Horwood, 1961; Wilford et al., 1997).  
In the following sections, the lithological distribution and structures observed in the aeromagnetic 
and radiometric maps are described. Table 4.2 presents a summary of the major units of the BSU, 
their mineralogical composition, measured magnetic susceptibility in the field and concentrations 
of K, eTh, and eU extracted from the airborne radiometric data, general features on the geophysical 
maps and geological interpretation. A total of 125 rock samples were measured for their magnetic 
susceptibility (using a handheld SM 30 magnetic susceptibility meter), which ranges from 0.02 
×10−3 SI to 106 × 10−3 SI. The measured susceptibilities were used to distinguish among the 
various rock units, even though overlaps exist.  
4.5.1.1. Volcanic, mafic plutonic and ultramafic rocks 
The volcanic rocks of the BSU are basalt, basaltic andesite, trachyte, and phonolite with tholeiitic 
and alkaline signatures, together with pyroclastic rocks (Kwayisi, 2014; Nude et al., 2015). The 
volcanic rocks generally show medium to high magnetic susceptibility, with the alkaline variety 
having a higher (1.2 – 55 x 10-3 SI) susceptibility than the tholeiites (0.02 – 0.8 x 10-3 SI) and 
pyroclastic rocks (0.3 – 17 x 10-3 SI; Table 4.2). Gabbro and peridotite have medium to high 





Figure 4.10: (a) Grid map showing the spatial distribution of potassium (K). Pink-red signifies 
very high potassium values and blue very low. (b) Thorium grid showing the concentration of 
equivalent thorium (eTh) in the study. (c) Uranium grid map showing the abundance of equivalent 
uranium (eU) in the area. Note that the lithological boundaries are not clearly defined as compared 
to the eTh and K maps. letter X on the maps represent high K, eTh and eU values in the volcanic 
rock area. (d) Ternary map of the study area showing the relative distribution of the radioelements. 
Dark areas represent low concentration of all three radioelements and whitish areas correspond to 
high concentrations of all three radioelements.  
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Table 4.2: A summary of the major units of the BSU, their mineralogical composition, measured magnetic susceptibility properties, 




Note: Scale bar (thick black line) is 10 km. UMR = ultramafic rock, VR = volcanic rock, SS = 
sandstone, and SH = shale. Mineral abbreviation after Whitney and Evans (2010). Act = actinolite, 
Cb = carbonate mineral, Chl = chlorite, Cpx = clinopyroxene, Ep = epidote, Ksp = K-feldspar, 
Mag = magnetite, Ms = muscovite, Ol = olivine, Opx = orthopyroxene, Pl = plagioclase, Qz = 
quartz, Ser = sericite, Spl = spinel, Srp = serpentinite. 
 
The RTE map for the BSU (Fig. 4.8a) shows two sets of magnetic anomalies (i.e. ENE-trending 
long-wavelength (>1 km) and N-S-trending short wavelength (<1 km). The N-S-trending magnetic 
anomalies dominantly show pronounced high-frequency mottled texture typical of volcanic rocks 
(Cole et al., 2013) although smooth texture can also be observed, whereas the ENE-trending long-
wavelength magnetic anomalies show a smooth texture. Correlation with the available geological 
map, field and SRTM 3 data of the BSU, suggests that the volcanic rocks caused the high-intensity 
magnetic anomalies of the N-S-trending short-wavelength magnetic signal in the western portion 
of the BSU whereas those located in the eastern part correspond to the presence of the gabbro and 
peridotite (labelled 1 and 2 in Fig. 4.8a, respectively). The volcanic rocks were distinguished from 
the gabbro and peridotite by their typical mottled magnetic texture; however, it was difficult to 
differentiate the gabbro from the peridotite, as both show smooth high magnetic signals. On the 
1VD map (Fig. 4.8c), there are two N-S-trending belts of high magnetic anomalies corresponding 
to the volcanic and mafic-ultramafic plutonic rocks of the BSU. Similar trends can also be seen on 
the analytical signal map (AS; Fig. 4.8b).  
The Buem volcanic, and mafic-ultramafic plutonic rocks have very low K contents (< 2 %) except 
for a small portion (2 km2) at the south-western corner within the volcanic rocks (labelled x in 
Figure 4.10a). Volcanic and mafic-ultramafic plutonic rocks occur in areas of low eTh (< 5 ppm: 
Fig. 4.10b). A small region of the volcanic rocks at the south-western corner shows high eTh 
concentration. This region coincides with high K values on the K map, and this could be because 
of the presence of highly alkaline volcanic rock type and/or hydrothermal alteration. Lithologies 
and lithological boundaries that are clearly delineated on the K and eTh maps are not as clear on 
the eU map (Fig. 4.10c). The relative intensities of K, eTh, and eU were used to generate a ternary 
map (Fig. 4.10d). The generated ternary map provides the best visualisation of the radiometric 
intensity that correlates well with the geological features in the area. The volcanic and the mafic-
ultramafic plutonic rocks correspond to the dark zones on the ternary map (Fig. 4.10d), indicating 
low concentrations of K, eTh, and eU.  
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4.5.1.2. Sedimentary rocks 
The sedimentary rocks of the BSU have low to moderate magnetic susceptibility (0.02 – 1.3 x 10-
3 SI). On the magnetic map, the sedimentary rocks exhibit moderate to low magnetic intensities 
and occupy most of the BSU (Fig. 4.8a). The magnetic intensities of the sedimentary rocks are 
uniform in texture; however, these have been obscured by the adjacent volcanic and mafic-
ultramafic plutonic rocks (Fig. 4.8b and Fig. 4.8c). The various units of the sedimentary rocks 
(shale, sandstone, diamictite, jasper/chert, and limestone/dolostone) of the BSU are not easily 
distinguishable on the magnetic maps. Sedimentary and felsic igneous rocks are generally 
considered to have higher concentrations in radiometric elements than mafic igneous rocks (Ward, 
1981; Dickson and Scott, 1997). Accordingly, on the K maps, the high to intermediate K 
concentrations (3.0 – 5.0 %) occurring ubiquitously in the BSU, correspond to shale and sandstone 
(Fig. 4.10a). However, the regions of high eTh and eU (5.0 - 8.0 ppm and 2.5 – 4.0 ppm, 
respectively) are occupied by shale, with sandstone occurring in regions of low to intermediate 
eTh (< 6 ppm) and eU (< 5 ppm; Fig. 4.10b and 4.10c). High concentrations of all three elements 
K, eTh and eU, represented as greenish-white zones (with eTh higher than K and eU; Fig. 4.10d), 
coincide with shale, confirming that the shale has high concentration of the three radioelements 
relative to the other sedimentary rocks in the BSU, as shown by geochemical data of Osae et al. 
(2006). Areas with low eU and eTh, and high K concentrations (shown by magenta colour) 
corresponds to the Buem sandstone (Fig. 4.10d). The other sedimentary rocks (jasper/chert and 
limestone/dolostone) were not readily distinguishable on the radioelement maps.  
4.5.2. Inferred geological structures from geophysics 
Lineaments, such as faults and thrusts, were inferred from the geophysical maps based on (1) 
displacement in a prominent linear feature, (2) a sharp change in amplitude, (3) duplication of 
magnetic signals, (4) truncation of a predominantly linear magnetic domain by a curvilinear 
feature, and (5) curved magnetic pattern. On the 1VD and TDR maps (Figs. 4.8c and 4.8d 
respectively), several lineaments that have been interpreted as faults and thrusts can be identified. 
Overall, three main fault orientations have been identified: N-S, E-W and NE-SW faults. Because 
the N-S magnetic highs are showing (i) cyclic map repetition of the same magnetic signal, (ii) 
sharp asymmetric changes on their western side and, (iii) a westward-convex shape in map view, 
they have been interpreted as west-verging thrust planes (Fig. 4.8c). In general, three major thrust 
systems were identified: at the Voltaian-BSU contact, BSU-Togo structural unit contact and 
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sandstone-mafic-ultramafic plutonic rock contacts within the BSU. The occurrence of mafic-
ultramafic rocks marks the boundaries of these thrust systems depicted by the geophysics, and this 
corroborates what has been reported in the literature (Wright et al., 1985; Griffis et al., 2002) and 
observed in the field (This study).  
4.5.3. Depth to the basement of the magnetic source 
In figure 4.8a, a conspicuous long-wavelength high and low magnetic anomaly is observed, 
trending in an ENE direction, which is continuous with and along-strike of the regional structures 
of the WAC to the west (Figs. 4.1b and 4.7a). This may be attributed to a deeper body, probably 
the basement of the BSU. On the upward continuation map (Figs. 4.9), the N-S-trending short-
wavelength high and low magnetic anomalies of the BSU disappear at >3500 m depth, leaving 
only the anomalies of the ENE-trending long wavelength. Hence, it can be inferred that the 
basement rocks of the BSU could be at depth >3500 m. 
The depth to the basement of these ENE-trending magnetic bodies was estimated using the Werner 
Deconvolution, in one long profile that is orthogonal to the strike of the geological units of the 
BSU. This technique does not require any initial model for the interpretation (Ku and Sharp, 1983; 
Jain, 1976; Hartman et al., 1971). Two depth-source models (i.e., dyke and contact) were assumed. 
In general, 409 and 384 solutions were obtained for dyke and contact respectively, giving a total 
of 793 solutions. Overall, the profile gave a minimum depth to the basement of 100 m and a 
maximum depth of 4300 m (Fig. 4.11). These values are in agreement with the depth to the source 
of the long-wavelength magnetic anomaly inferred in the upward continuation processing of 
aeromagnetic data (Figs. 4.9). 
 
Figure 4.11: A total of 793 solutions (409 dyke and 384 contact) of Werner deconvolution from a 
long profile (A-A’) orthogonal to the main strike of the geological units of the BSU (fig. 7b). Depth 
estimation models suggest that the source of the body causing these anomalies could be at >3500 
m. Note that the dyke model is generally deeper compared to the contact model. In general, the 
dyke model has been indicated to occur at deeper depth compared the contact method 





4.6.1. Tectonostratigraphic record of the BSU 
Principal units of the BSU include sandstone, shale, volcanic rocks, gabbro, and peridotite all of 
which have been metamorphosed at lower greenschist facies conditions. According to Junner 
(1940), the sandstones are strongly folded and steeply dipping whereas the volcanic rocks are less 
deformed, and dip at a lower angle, thus suggesting that the volcanic rocks of the BSU overlie the 
sandstones comfortably. Although Crook (1970) agreed with Junner (1940) on the contrasting 
deformation record between the sandstones and the volcanic rocks, he rather suggested that the 
sandstones overthrust the volcanic rocks. Conversely, Jones (1990) indicated that the appearance 
of the sandstone units is not related to tectonic folding but that is an original depositional (pinch-
out geometry) feature, representing overlapping alluvial fans. Jones (1990) further argued that 
folding in the BSU is only confined to the finer-grained horizons (the shales) and that the entire 
BSU is conformable (i.e. absence of thrust horizons) with the volcanic rocks being the oldest.  
Integrated results of the airborne geophysical, field mapping and structural investigations shed 
new light on the tectonostratigraphic evolution of the BSU (Fig. 4.12a). First, detailed structural 
mapping indicates that all the rock units of the BSU have been folded along a near-horizontal 
NNW-plunging B2 fold axis. Second, a thrust contact has been identified in the field and in the 
geophysical maps between the Buem sandstone and the Voltaian sandstone further northeast (north 
of Tutukpene) of the thrust contact shown in the existing geological map (Fig. 4.1c and Fig. 4.12a). 
This shifts the boundary between the BSU and Voltaian Supergroup further east (̴ 5 km) than 
previously thought.  A similar interpretation of this boundary stems from airborne gravity data 
(Ayikwei et al., in prep). Third, new occurrences of mafic-ultramafic rocks have been identified, 
increasing the surface or sub-surface coverage of these rocks by ~50% (Fig. 4.12a). However, it 
should be noted that a geological map presents a two-dimensional representation of the surface 
geology, whereas three-dimensional sources influence the geophysical data. Thus, an area with a 
high magnetic signal can be interpreted as mafic-ultramafic rocks on the geophysical map but, if 
covered by sediments (non-magnetic body), the field-based geological map will indicate 
sedimentary rocks such as the upper sandstone unit (Fig. 4.12a). A similar discrepancy also occurs 




Figure 4.12: (a) Interpreted geological map from the aeromagnetic and radiometric data and ground-truthing. Note that the mafic/ultramafic 
and volcanic rocks mark the thrust boundaries between the BSU and Togo Structural Unit/Voltaian Supergroup as well as within the BSU. 
The detailed investigated area as shown in Figure 4.11b is marked by a box. (b) Detailed geological map of a traverse across the BSU from 
Tutupkene through Bontibor into the Togo structural unit, and (c) a cross-section produced from the Tutupkene-Bontibor traverse. Colour 
code for maps and cross-section is identical to Figure 4.1c. 
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As the radiometric signal is sourced in the top 30 to 40 cm of the earth’s surface, areas of 
volcanic and mafic-ultramafic plutonic rocks depicted in the aeromagnetic map may 
correspond to high K values in the radiometric map, e.g. sandstones (Fig. 4.10d). Nevertheless, 
there are many areas where the geophysical signal matches with the surface geology. To the 
east of the BSU, in the regions of Aburuburuwa and Fodome, ultramafic rocks occur at the 
boundary between the BSU and the Togo structural unit (Fig. 4.12a). To the west of the BSU, 
mafic volcanic rocks and mafic-ultramafic plutonic rocks mark the boundary with the Voltaian 
Supergroup. Within the BSU, some places (e.g. Bontibor) that were mapped as jasper/chert 
show very high magnetic anomalies, correlated with the occurrence of ultramafic rocks in the 
field. The magnetic data show that, within the BSU, mafic-ultramafic plutonic rocks mostly 
occur at the boundary between three main thrust horizons as already noted by Wright et al. 
(1985), Attoh (1990) and Griffis et al. (2002) based on field observation.  
To sum up, the field lithological and structural mapping suggests the following tectono-
stratigraphy for the BSU (Fig. 4.2): The base of the BSU consists of intercalations of slate and 
meta-sandstone, tectonically overlain by peridotite (Figs. 4.3a and 4.3b). Nonconformably 
overlying the peridotite are thin layers of limestone/dolostone and jasper/chert, which in turn 
are tectonically overlain by gabbro and volcanic rocks (Figs. 4.3b, 4.3c, and 4.3f). Thick beds 
of intercalated chemical sedimentary units overlie the volcanic rocks (Fig. 4.3e) with a tectonic 
contact and are followed by thick sequences of sandstone and diamictite of varied composition 
(Figs. 4.2 and Fig. 4.3h), again in tectonic contact with the underlying rocks. 
4.6.2. Significance of the deformation events 
The detailed field and structural studies indicate that all the units of the BSU have been 
intensely folded and weakly metamorphosed. Rocks of the BSU generally dip moderately to 
steeply to the east and occasionally to the west. Three distinct deformation events (D1 to D3) 
have been recognised within the BSU. D1 is bedding-parallel, poorly preserved and is observed 
only in the slate and schist, associated with low-grade metamorphism, defined by albite and 
sericite. D2 deformation, which is the most pervasive and ubiquitous event, partially to entirely 
transposed D1 planar fabrics and produced the moderate to steeply ENE-dipping S2 foliation, 
F2 regional folds, shear zones, and the down-dip, ENE-plunging L2 lineation. Sense of shear 
indicators, such as the sigmodal foliation associated with down-dip L2 lineation within the D2 
shear zones, and the west-verging F2 folds, document a top-to-the west shearing. West-verging 
thrust planes are compatible with the cyclic repetition, sharp asymmetric magnetic high signals 
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observed in the magnetic maps, and the westward-convex shape of magnetic lineaments in map 
view (Fig. 4.8c). Curved thrust belts are typical of progressive oroclines that show convex-
shape thrusts in map view towards the direction of movement (e.g. Johnston et al., 2013). Attoh 
(1998) and Agbossoumondé et al. (2001) proposed that E-W shortening resulted in the 
development of N-S-striking and E-dipping structures, in the (U)HP rocks of the PSZ, ~ 50 km 
east of the BSU (Attoh et al., 2007). This E-W shortening was active around 615 - 605 Ma and 
corresponds to the age of HP metamorphism in the PSZ (Affaton et al., 2000, Hirdes and Davis, 
2002). It is therefore likely that the dominant N-S-striking and E-dipping S2 cleavage that is 
ubiquitous in the BSU is related to this E-W shortening active during the Pan-African orogeny 
at the south-eastern margin of the WAC.  
Locally, S2 structures are folded by F3 open and kink folds during D3 deformation. D3 
deformation may be as a result of a weak NW-SE shortening. D3 fabrics in the BSU might be 
correlated with the NE-SW-striking fabrics that exhumed the HP rocks in the southern part of 
the PSZ (Attoh et al., 2007), dated at ~ 587-567 Ma (Ar-Ar ages of hornblende) and 586 – 578 
Ma (U-Pb dating of titanite). The change of orogenic structural grain from N-S to NE-SW 
trending southwards in the PSZ has been interpreted to be caused by the rotation of the regional 
tectonic shortening directions from E-W at 615 – 605 Ma to NW-SE-trending at 587-567 Ma 
during transition from continental subduction to continent-continent collision (Attoh et al., 
1997; 2007). Little is known about the significance of this NW-SE shortening in the PSZ. 
Castaing et al. (1994) and Toteu et al. (2004) have proposed that it resulted from the collision 
of the amalgamated WAC-SMC with the Congo Craton at ca. 600 – 580 Ma. Nevertheless, the 
shared deformational history between the BSU and the PSZ suggest similar tectonic processes 
in both domains, marked by continental subduction of the WAC beneath the BNS at 610-605 
Ma (Affaton et al., 2000, Hirdes and Davis, 2002), followed by exhumation of the subducted 
WAC promontory at 580-570 Ma (Attoh et al., 1997, 2007). 
4.6.3. Anatomy of the Buem structural unit and its implication to the Dahomeyide belt 
One important observation made from the geophysical data is the conspicuous ENE-trending 
long-wavelength magnetic anomalies. Depth estimation models suggest that the source of the 
body causing these anomalies could be at depth >3500 m. These deep-seated anomalies are 
broadly parallel to the S3 structures of the BSU; they might, therefore, be interpreted as long-
wavelength F3 buckles of a deep and shallow-dipping interface. This possibility may be ruled 
out because there is no change in orientation of the overlaying N-S-trending magnetic 
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anomalies across the ENE-trending long-wavelength anomalies. Instead, these long-
wavelength magnetic anomalies appear continuous with the Paleoproterozoic Birimian 
structural grain characteristic of the WAC (Figs. 4.1b and 4.7a). It is therefore suggested that 
the WAC underthrust the BSU with a sole thrust at a depth of >3500 m. This is in agreement 
with Attoh (1998) and Attoh and Nude (2008) who used field data to suggest that west-directed 
overthrusting of the BSU and Togo structural unit onto the eastern margin of the WAC resulted 
in nappe stacking and crustal imbrication. 
On the 1VD and the TDR maps (Figs. 4.8c and 4.8d, respectively), the mafic-ultramafic 
plutonic rocks appear as tectonic slices, marking the boundary of the thrust sheets within the 
BSU and at the contact between the BSU and the Voltaian or Togo structural unit. The thrusts 
were identified in the field by juxtaposition and structural repetition of sections of 
metasedimentary and mafic-ultramafic rocks (Figs. 4.12b and 4.12c). Such repetition of 
metasedimentary and mafic rocks has been observed in other Pan-African belts e.g. the 
Matchless Amphibolite belt of the Damara Orogen (Meneghini et al., 2017). In the Matchless 
Amphibolite belt, top-to-the-SE thrusting has been inferred as a result of the juxtaposition and 
structural repetition of sections of metasediments and metamafic rocks (Meneghini et al., 
2017). Massive and pillow basalts (tholeiitic affinity), gabbros, with less common ultramafic 
bodies, sheeted dykes, and rare lenses of metalimestones and metacherts are preserved within 
the Matchless Amphibolite belt. These units have been interpreted as a deformed remnant of 
an ophiolite section (slices of the lower plate) accreted during the Pan-African orogeny 
(Meneghini et al., 2017). Affaton et al. (1997), Asiedu et al. (2008) and Nude et al. (2015) 
suggested, based on the geochemical characteristics of the mafic-ultramafic rocks of the BSU, 
that the BSU is a fragment of oceanic lithosphere, formed in a divergent setting. The BSU is 
located to the west of the PSZ, and thus could be part of the lower plate stripped off during 
subduction and accreted onto the south-eastern margin of the WAC. The detailed structural and 
geophysical studies have indicated that rocks of the BSU underwent a top-to-the-west shearing 
during D2 deformation with steeply dipping thrust faults (Figs. 4.12b and 4.12c). The Lachlan 
Fold Belt of south-eastern Australia shows similar steep dips of thrust faults that flatten at depth 
over a rigid basement (Glen and VandenBerg, 1987). Accordingly, deformation in the BSU 
might have occurred during underthrusting of old, rigid continental crust (the Paleoproterozoic 
Birimian rocks of the WAC) with a major decollement at the base of the BSU.  
122 
 
The occurrence of both shallowly and steeply-dipping fabrics, the rock association (marine and 
continental) and the location (on the lower plate, along plate margin at the front of the 
Dahomeyide arc crust, west of the PSZ), suggest that the BSU might have evolved from early 
accretion of oceanic crust and passive margin sedimentary units to later inversion during 
closure of an oceanic basin. Detrital zircon ages of the sediments of the BSU indicate the 
existence of older (younger than 950 Ma; correlated to the passive margin units of the lower 
Voltaian Supergroup) and younger (600 Ma; correlated to the foreland basin units of the middle 
Voltaian Supergroup) sediments (Kalsbeek et al., 2008; Ganade de Araujo et al., 2016). This 
information is crucial, as it suggests the overall evolution of the Dahomeyide belt from an 
initial formation of passive margin sedimentary sequences and mafic-ultramafic magmatic 
products at or younger than ca. 950 Ma (Kalsbeek et al., 2008), followed by tectonic inversion 
and deformation (initiation of convergence, ca. 750 Ma; Ganade de Araujo et al., 2016) during 
the subduction and subsequent collision of the WAC with the BNS (ca. 610 Ma; Ganade de 
Araujo et al., 2014). Similar geodynamic evolution has been proposed for other Pan-African 
belts surrounding the WAC: Pharuside/Hoggar belt (Caby, 2003; Liégeous et al., 2003), Anti-
Atlas belt (Hefferan et al., 2000; 2002), and Rokelide belt (Villeneuve and Corneé, 1994). It 
can be concluded that the BSU is an allochthonous fold and thrust belt accreted and thrust onto 
the south-eastern margin of the WAC during the Pan-African orogeny. 
Importantly, there are two regions with rocks that share similarities with the BSU within the 
Trans-Saharan mobile belt in Western Africa and its continuity in Brazil (Fig. 4.13). First, in 
northern Mali, the Timétrine massif of the Pharusian belt consists of serpentinised peridotites 
and ocean-derived assemblages (metavolcanic and chemical sedimentary rocks), which are in 
close spatial association with passive margin sedimentary rocks (Caby, 2014). Caby (2014) 
interpreted this association as a typical ocean-continent transition (OCT) ophiolite where sub-
continental mantle was exhumed along low-angle detachment faults, followed by the formation 
of ocean-derived assemblages and passive margin units. Second, in the Novo Oriente Group of 
the Borborema Province, NE Brazil, the occurrence of sheared ultramafic rocks together with 
metavolcano-sedimentary rocks of passive margin geochemical signature led Ganade de 
Araujo et al. (2010) to propose two distinct scenarios for the formation of these rocks: a 
magma-poor rifted passive margin or a restricted rift-related basin. This along-strike 
correlation between the BSU, Timétrine massif and Novo Oriente Group would imply the 




Figure 4.13: Regional geological map of West African and Northern Brazil, illusting the 
orogen scale of the passive margin and ocean-continent transition within the BSU 
(Dahomeyide orogen), Timétrine (Pharusian belt of the Tuareg Shield), and Novo Oriente 





Integrated structural and airborne geophysical data have been used to delineate magnetic bodies 
and infer the 3D architecture and tectonic evolution of the BSU. A more substantial occurrence 
of mafic and ultramafic, and sedimentary rocks occurs within the BSU than previously reported 
in the literature, which has been affected by three deformation events. The main deformational 
event, D2 reveals top-to-the west shearing, which is attributed to E-W shortening, involving 
continental subduction and collision during the Pan-African orogeny. Aeromagnetic data are 
interpreted as showing that the WAC is present under the BSU at depths >3500 m, implying 
overthrusting of the BSU onto the WAC. Field relations, structural, aeromagnetic, and 
radiometric data indicate that the entire BSU is a fold and thrust belt, which contains 
dismembered fragments of oceanic crust. The general tectonic framework of the BSU could 
signify that the Pan-African Dahomeyide belt might have formed from geological processes 
involving accretion of mafic-ultramafic rocks and passive margin sedimentary sequences, and 
their inversion during continent-continent collision. The similarities of the deformation history 
and rocks association (fragment of oceanic lithosphere) of the BSU with some of the PSZ rocks 
could connote a genetic relationship. However, major and trace elements, isotopic and 
geochronological studies are needed to test this hypothesis. 
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EVOLUTION OF THE EXTERNAL ZONE OF THE DAHOMEYIDE BELT: 
CONSTRAINTS FROM GEOCHEMISTRY, AND U-Pb ZIRCON DATA FROM THE 
BUEM SANDSTONE AND SHALE 
 
5.1. INTRODUCTION 
In provenance studies of sedimentary rocks, U-Pb ages on detrital zircons are useful, as the 
maximum age of deposition can be inferred from the youngest zircon age population (Fedo et 
al., 2003; Yao et al., 2011). Additionally, the paleogeographic reconstruction of a geological 
terrane, crustal evolution history and inter-continental correlations within supercontinental 
assemblies can be supported by the detrital zircon ages of sedimentary basins (e.g. 
Wysoczanski et al., 1997; Carter and Moss, 1999; Fedo et al., 2003; Fernández et al., 2010; 
Yao et al., 2011). The age spectra of a large number of detrital zircon grains from sedimentary 
basins provide useful information about the distribution of source rocks in the source area of 
the sediment (Condie et al., 2009; Cawood et al., 2012). If detrital zircons are recognised to be 
of igneous origin, major magmatic events in the proto-source areas can be determined (Condie 
et al., 2009). In sedimentary basins where the depositional age is known, the detrital zircon age 
spectra reflect the tectonic setting of the sedimentary basin (Cawood et al., 2012). U-Pb 
analysis of detrital zircons provide age spectra, and Lu-Hf isotopic composition of the zircons 
offers information on the characteristics of the proto-source, whether derived from juvenile 
mantle or reworked crust (Andersen et al., 2002, 2016; Griffin et al., 2004; Yao et al., 2011; 
Spencer et al., 2019).  
Petrographic and geochemical data of clastic sedimentary rocks provide useful information 
regarding the paleoclimatic conditions and paleoweathering of their source area, the 
composition of the source rocks, and tectonic setting of the source area and depositional basin 
(Bhatia, 1983; Dickinson et al., 1983; Taylor and McLennan, 1985; Cullers, 1994; Armstrong-
Altrin et al., 2015). The geochemistry of clastic sedimentary rocks tends to reflect the 
characteristics of their source area since, during weathering and transportation, the abundances 
of certain trace elements, such as the rare earth elements (REE) and high field strength elements 
(HFSE) are usually unchanged, i.e. they are immobile and remain in the solid (particulate) load 
(Bhatia and Taylor, 1981; Taylor and McLennan, 1985; Bhatia and Crook, 1986; Cullers and 
Stone, l99l; McLennan et al., 1993). Distinct tectonic settings are characterised by distinct rock 
types and therefore, when eroded, produce siliciclastic sedimentary rocks with distinct 
mineralogical compositions and textural features (Dickinson, 1985). 
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In recent years, and due to improved technology (Laser Ablation Inductively Coupled Plasma 
Mass Spectrometry (LA-ICP-MS)), U-Pb detrital zircon ages and Lu-Hf zircon isotopic ratios 
are increasingly relied on in sedimentary provenance studies (e.g. Fernández et al., 2010; Yao 
et al., 2011; Cawood et al., 2012; Konopásek et al., 2014, 2017; Pepper et al., 2016; 
Zimmermann, 2018; Andersen et al., 2018; 2019; Bahlburg et al., 2020). Combined with 
mineralogical and textural characteristics, as well as whole-rock major and trace element 
concentrations, the provenance of sediments has been determined in many sedimentary basins, 
and their tectonic setting elucidated (e.g. Nelson, 2001; Najman, 2006; Sun et al., 2008; 
Fergusson et al., 2009; Veevers and Saeed, 2009; Bahlburg et al., 2010, 2020; Ganade de 
Araujo et al., 2012; Jiang et al., 2017).  
The Ediacaran West Gondwana Orogen represents the earliest Himalayan-scale mountain belt 
in the geological record, which stretches from West Africa to Central Brazil over more than 
4000 km and records a long-lived accretionary-subduction evolution since the early 
Neoproterozoic (Caby, 2003; Cordani et al., 2013; Ganade de Araujo et al., 2014a). The West 
Gondwana Orogen oceanic evolution was terminated when several newly formed sections of 
oceanic crust, intra-oceanic and continental arcs were squeezed in between the colliding joined 
Amazonian and West African cratons against the São Francisco Craton and Saharan 
Metacraton at ~ 620 – 610 Ma (Caby, 2003; Cordani et al., 2013; Ganade de Araujo et al., 
2014a, Guillot et al., 2019). The Buem structural unit (BSU) of the Dahomeyide belt is a key 
crustal component of the West Gondwana Orogen system. This is because the BSU is situated 
in the lower plate, and contains siliciclastic sequences and fragments of oceanic crust that 
archive the entire evolution of the West Gondwana Orogen, from early accretion to final 
amalgamation of the West African Craton (WAC) with the Benino-Nigerian Shield (BNS i.e. 
the leading western edge of the Saharan Metacraton; e.g. Affaton et al., 1991; Attoh, 1998; 
Trompette, 2000). Based on geochemical studies of the sandstones from the BSU (upper and 
lower parts of the stratigraphy), Osae et al. (2006) proposed that the sandstones were deposited 
in a passive margin setting and received detritus from the WAC. In contrast, Kalsbeek et al. 
(2008) suggested that a significant amount of the detritus for the sandstones of the BSU was 
sourced from the Amazonian Craton, based on the abundance of U-Pb detrital zircon age 
fractions between 1700 and 1000 Ma from the upper and lower parts of the BSU, which are 
absent on the WAC, but common in the Amazonian Craton. Ganade de Araujo et al. (2016) 
inferred that the uppermost part of the BSU formed as foreland deposits with detritus 
originating from the BNS based on the significant proportion of detrital zircon U-Pb ages of 
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900 – 600 Ma, which is absent on the WAC. These preliminary studies suggest that the 
tectonostratigraphic evolution of the BSU possibly records temporal variations in the 
provenance of the sediments (WAC, Amazonian Craton, BNS), and competition between 
different sources at the same time (WAC vs Amazonian Craton). They also highlight the need 
for a detailed geochemical and provenance investigation of the entire BSU stratigraphy for 
constraining (i) the crustal evolution of the proto-source(s), (ii) the possible connection with 
the Amazonian Craton, (iii) tempo of tectonic inversion from rifting to convergence, and (iv) 
the overall geodynamic evolution of the external zone of the Dahomeyide belt. To this end, this 
study presents, in addition to detrital U-Pb ages for the entire BSU, the first Lu-Hf isotope 
zircon compositions of the sandstone, and whole-rock geochemical data of shale from the BSU. 
The results of this study show that the BSU sedimentary rocks were deposited in a passive 
margin basin, with detritus accumulated from both the WAC and Amazonian Craton, with a 
greater proportion from the later. The results provide positive constraints for the discussion on 
the assembly of West Gondwana during the Brasiliano-Pan-African orogeny and 
reconstruction of the pre-Gondwana position of the WAC with respect to the Amazonian 
Craton in the supercontinent Rodinia. 
 
5.2. GEOLOGICAL SETTING 
5.2.1. Regional Geological Background 
The West Gondwana Orogen resulted in the amalgamation of four cratonic nuclei, i.e. the West 
African and Amazonian cratons to the west, and São Francisco Craton, and Sahara Metacraton 
to the east, during the Pan-African orogeny (Fig. 5.1 inset; Caby, 2003; Cordani et al., 2013; 
Ganade de Araujo et al., 2014a). The West African Craton (WAC) is composed of granitoids 
and greenstone belts with associated sedimentary basins (Fig. 5.1a; Abouchami et al., 1990; 
Kouamelan et al., 1997; Baratoux et al., 2011). The WAC formed during three main 
tectonomagmatic and metamorphic events at ~3200 – 3000 Ma (Leonian events), 2900 – 2700 
Ma (Liberian events), and ~2250 – 2060 Ma (Eburnean orogeny; e.g. Baratoux et al., 2011; 
Tshibubudze et al., 2013; Sakyi et al., 2014; Anum et al., 2015; Kouamelan et al., 2015; Block 




Figure 5.1: (a) Geological map of West Africa (after Guillot et al., 2019) and (b) Geological map of South America (after Cordani and Teixeira, 
2007) arranged in Gondwana position (before the opening of the Atlantic Ocean; Gray et al., 2008). The inset is the map of West Gondwana 
Orogen (adapted from Ganade de Araujo et al., 2016). 
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The WAC was stabilized during the Eburnean orogeny and was not affected by any other major 
tectonothermal and metamorphic orogenic events until its incorporation into West Gondwana 
during the Neoproterozoic Pan-African orogeny (Villeneuve and Cornée, 1994; Deynoux et al., 
2006; Ennih and Liégeois, 2008). The WAC is covered by the late Meso- and Neoproterozoic, 
as well as Paleozoic sedimentary rocks of the Taoudeni and Iullemeden basins (Rooney et al., 
2010; Kah et al., 2012) and cross-cut by several generations of doleritic dyke swarms and 
associated sills with ages ranging from ca. 1700 to 200 Ma (Jessel et al., 2015; Baratoux et al., 
2019).  
The Amazonian Craton (Fig. 5.1b), is one of the largest cratons in the world and consist of four 
main Archean blocks (Imataca, Amapá, Carajás, and Xingu-Iricoumé blocks) dated at 3300 – 
2600 Ma, which were stabilized around 2100 Ma during the Transamazonian orogeny (2180 – 
1950 Ma; Ledru et al., 1994; Tassinari et al., 2001; Lofan et al., 2003, Cordani et al., 2009, 
Neto and Lofan, 2019). The Transamazonian orogeny resulted in the formation of greenstones 
and tonalite-trondhjemite-granodiorites (TTGs) (2190 – 2130 Ma), high-grade metamorphic 
(2070 – 2030 Ma) and felsic volcanic (2000 – 1800 Ma) belts of the Maroni-Itacaiúnas and 
Ventuari-Tapajós provinces (Fig. 5.1b; Delor et al., 2003; Rosa-Costa et al., 2006; Cordani and 
Teixeira, 2007). Other Proterozoic orogenic belts found within the Amazonian Craton include 
the 1780 – 1550 Ma Rio Negro-Juruena, 1500 – 1300 Ma Rondonian-San Ignacio, and 1250 – 
900 Ma Sunsan-Aguapeí orogenic belts (e.g. Santos, 2003; Tassinari et al., 2004; Boger et al., 
2005; Cordani and Teixeira, 2007). The eastern margin of the Amazonian Craton is occupied 
by the 700 – 500 Ma Brasiliano orogenic belt (Borborema Province), which forms the southern 
section of the West Gondwana Orogen, marking the collision between the Amazonian and São 
Francisco cratons (Cordani and Teixeira, 2007; Ganade de Araujo et al, 2014a, b). 
The WAC and Amazonian Craton have been proposed to be connected from 2.0 Ga until their 
breakup in the Cretaceous (Rogers, 1996; Trompette, 1994; Rogers and Santosh, 2002). 
Nonetheless, the connection of the WAC with the Amazonian Craton in the Mesoproterozoic 
and early Neoproterozoic is poorly constrained, due to sparse reliable paleomagnetic data with 
only one well-dated pole per unit (Tohver et al., 2006; Evans, 2009). However, the Amazonian 
Craton is positioned close to the WAC in almost all the reconstructions of the supercontinent 
Rodinia (1200 – 1000 Ma) (e.g. Evans, 2009, 2013). An Amazonian-WAC connection during 
the Mesoproterozoic is also supported by Baratoux et al. (2019) using U-Pb baddeleyite ages 
from dolerite dyke swarms.  
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The Dahomeyide belt, which forms the central section of the WGO, occupies the south-eastern 
margin of the WAC (Figs. 5.1a and 5.2; e.g. Attoh et al., 1997; Attoh, 1998; Attoh and Nude, 
2008; Ganade de Araujo et al., 2014a). This belt extends from the south-eastern coast of Ghana 
to Nigeria through Togo and Benin and is about 1000 km long (Affaton et al., 1991; Attoh et 
al., 1997; Agbossoumondé et al., 2001). The Dahomeyide belt formed as a result of the closure 
of the Pharusian Ocean during convergence leading to continent-continent collision between 
the WAC and BNS (Affaton et al., 1991; Attoh et al., 1997; Agbossoumondé et al., 2001; 
Cordani et al., 2003; Duclaux et al., 2006). The Dahomeyide belt comprises three main zones. 
The external zone to the west is in a lower plate position and consists of inverted passive margin 
sequences of the Buem and Togo structural units, with fragments of oceanic crust in the former. 
The basement of the external zone is interpreted to be underthrust WAC Eburnean crust, based 
on geophysical and structural interpretations (Kwayisi et al., 2020), and in agreement with 
Paleoproterozoic gneisses occurring in tectonic windows within the passive margin sequences 
(the Ho-gneisses e.g., Agyei et al., 1987; Attoh and Nude, 2008; Aidoo et al., 2014). The 
internal zone to the east is composed of Paleoproterozoic granitoids and gneisses (2190 – 2140 
Ma) of the BNS that were intruded by magmatic arc plutons at 670 – 610 Ma and post-
collisional plutons at 580 – 540 Ma (Kalsbeek et al., 2012; Attoh et al., 2013; Ganade de Araujo 
et al., 2016). Arc magmatism may be as old as 780 Ma, which is the age of detrital zircon grains 
from syn-orogenic migmatite (Ganade de Araujo et al., 2016). The external and internal zones 
are separated by a well-defined suture zone of high-pressure (HP: eclogite and granulite) 
metamorphic rocks, with protolith ages at ~ 800 Ma, and peak metamorphism at 610 ± 5 Ma 
(Attoh et al., 1991; Affaton et al., 2000; Berger et al., 2011). Exhumation of the HP rocks at 
610 – 570 Ma marks the end of collision (Attoh et al., 1997, 2007). 
5.2.2. Geology of the study area 
The Buem structural unit which represents the westernmost external zone of Dahomeyide belt 
has been classified as a fold and thrust belt (Kwayisi et al., 2020). The BSU is in tectonic 
contacts with the Voltaian Supergroup and Togo structural unit to the east and west respectively 
(Fig. 5.2; Ghana National Geological Mapping Project, 2009). The Voltaian Supergroup is 5-
7 km thick and is analogous to the Taoudeni basin (Fig. 5.1a; Affaton et al., 1980; Villeneuve 
and Cornée, 1994; Anani, 1999). The Voltaian Supergroup is divided into three unconformable 
units, and these are from bottom to top: Bombouaka, Oti, and Obosum groups (Table 5.1; 




Figure 5.2: Geological map of Ghana, Togo and Benin illustrating the context of the Volta Basin, the Dahomeyide belt and the Benino-Nigerian 
Shield (modified after Ganade de Araujo et al., 2016). 
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Table 5.1: Available data on the Voltaian Supergroup, the Buem and Togo structural units. 
Unit Deposit type 
Youngest zircon U-
Pb age 


























 Kebia Subgroup 
Foreland (Molasse-
type)1,2 









Afram-Bimbila Subgroup Foreland (Flysch-type)2,3 600 Ma2,3 576 ± 13 Ma4 (Lu/Hf, phosphorite) BNS3 
Kojari-Buipe Subgroup Passive margin2,5   
ca. 635 Ma2 (constrained by U-Pb 
zircon age of Marinoan glaciation 
event)  
WAC5 
Amazonian Craton and 
WAC1 
Bombouaka Group Passive margin 1,2,3,6,7,8 1100 Ma1 959 ± 62 Ma9 (Rb/Sr, clay fractions) 
WAC6,7 
















Uppermost Foreland3 600 Ma3 
ca. 650 Ma11 (Rb/Sr, glauconite) 
BNS3 
Upper and lower Passive margin 1,3,10 950 Ma1 
WAC10 

















Kanti schist Foreland3 600 Ma3 
703 ± 8 Ma13 (U-Pb zircon, mafic 
protolith) 
BNS3 
Quartzite and phyllite Passive margin1,3,12 950 Ma1,3 
Amazonian Craton and 
WAC2,12 
1Kalsbeek et al. (2008), 2Carney et al. (2010),3Ganade de Araujo et al. (2016), 4Barfod et al. (2004), 5Amedjoe et al. (2018), 6Anani (1999), 7Anani 




The Bombouaka Group comprises two sandstone-dominated units, which are separated by a 
middle mudstone unit. The rocks of the Bombouaka Group are interpreted as passive margin 
units of the Pharusian Ocean (Kalsbeek et al., 2008; Anani et al., 2017). Anani (1999) and 
Anani et al. (2013) inferred based on sandstone petrology and geochemical data that the source 
of sediments for the Bombouaka Group is solely the WAC basement, but Kalsbeek et al. (2008) 
and Anani et al. (2017) have inferred a significant contribution of sediments from the 
Amazonian Craton to the Bombouaka Group, based on geochemical data and U-Pb detrital 
zircon age fractions between 1700 and 1000 Ma, which are missing on the WAC but are 
abundant on the Amazonian Craton.  
The Oti Group lies, with an erosional and/or glacial unconformity, on the Bombouaka Group, 
or locally, directly on the WAC basement rocks. It comprises the Kodjari-Buipe and the Afram-
Bimbila subgroups (Affaton, 2008; Carney et al., 2008). The Kodjari-Buipe Subgroup 
corresponds to a “Triad” of glaciogenic deposits (tillites), baryte-bearing dolomitic limestone 
(interpreted as cap carbonates), and thinly bedded siliceous shale (or silexite; Affaton, 1990;). 
The tillites and cap carbonates correspond to the Marinoan glaciation dated at ca. 635 Ma 
(Porter et al., 2004; Carney et al., 2010).  The Afram-Bimbila Subgroup is composed of a 
rhythmic alternation of shale and siltstone, with various sandstone or greywacke interlayers, 
and lenses of clayey limestone. The depositional setting of the Oti Group is considered to be 
either a passive margin of the Pharusian Ocean (Kodjari-Buipe Subgroup), based on lithofacies 
and geochemical composition (Affaton, 1990; Carney et al., 2010; Amedjoe et al., 2018), or a 
foreland basin (Afram-Bimbila Subgroup), based on lithofacies and a significant proportion of 
detrital zircons in the age range between 900 and 600 Ma (Carney et al., 2010; Ganade de 
Araujo et al., 2016). The Afram-Bimbila Subgroup has been interpreted as flysch-derived 
deposits from the Dahomeyide belt (Carney et al., 2010).  
The Obosum Group is interpreted as a foreland basin molasse-type deposit, deposited at the 
late stages of the Pan-African plate convergence and oceanic closure (Carney et al., 2010; 
Kalsbeek and Frei, 2010). The Obosum Group is subdivided into the Yendi and Kebia 
subgroups. The Yendi Subgroup consists of a lower polymictic, micaceous and mainly sandy 
formation, overlain by a thick sequence of shale, impure limestone, and siltstone. The Kebia 
Subgroup is made up of various polymictic sandstone and conglomerate units, with lenses of 
shale and siltstone (Carney et al., 2010). 
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The Voltaian Supergroup was therefore deposited in two distinct depositional settings at 
different times. The Bombouaka Group and the Kodjari-Buipe Subgroup were deposited at 959 
± 62 Ma and ca. 635 Ma respectively (Table 5.1: Clauer, 1976; Carney et al., 2010). The 
depositional age of the Afram-Bimbila Subgroup is 576 ± 13 Ma (Barfod et al., 2004); however, 
the depositional age of the Obosum Group is unknown. 
The Togo structural unit (Fig. 5.2) consists of monocyclic arenaceous and argillaceous 
sedimentary rocks, which have been metamorphosed into quartzite, phyllite and schist (Junner 
and Hirst, 1946; Grant, 1969; Adjei and Tetteh, 1997). Anani et al. (2019) indicated that the 
geochemistry of the phyllite of the Togo structural unit signifies derivation from a passive 
continental margin. Detrital zircon age data suggest that the quartzite and schist (referred to as 
the Kanti schist) of the Togo structural unit were deposited in a passive margin and foreland 
basin respectively, with sediments sourced mainly from the WAC-Amazonian Craton, and 
BNS respectively (Table 5.1; Kalsbeek et al., 2008; Ganade de Araujo et al., 2016).  
The BSU comprises dominantly shale and sandstone, and subordinate volcanic and mafic-
ultramafic plutonic rocks, chert, carbonate, and ironstone (Fig. 5.3a; Ghana National 
Geological Mapping project, 2009; Kwayisi et al., 2020). Different workers have proposed 
different stratigraphic divisions for the BSU, because of intense folding and duplication by 
thrusting that obscure the original lithostratigraphic architecture (e.g. Supplementary Table S1 
in Kwayisi et al., 2020). The BSU is deformed with generally fold-axial planar, steeply east-
dipping S2 foliation, F2 close to isoclinal folds and local top-to-the west D2 shear zones 
(Kwayisi et al., 2020), similar to the TSU (Agyei and Tetteh, 1997). The D2 fabrics have locally 
been overprinted by D3 deformation expressed as F3 kink bands and open folds, with NE 
plunging fold axis (Kwayisi et al., 2020). From detailed fieldwork and petrographic studies, 
interpretation of airborne geophysical data, and qualitative restoration of orogenic structures, 
Kwayisi et al. (2020) produced a new map of the BSU in Ghana (Fig. 5.3a). This map reveals 
the occurrence of the ultramafic rocks in top-to-the west thrust zones, which mark major 
tectonic contacts: to the west between the BSU and Voltaian Supergroup and the east between 
the BSU and Togo structural unit and within the sedimentary rocks of the BSU. It also led to 
an updated tectonostratigraphic division of the BSU into lower clastic units, followed by an 
ultramafic complex that is capped by chemical units (chert and carbonate). These are overlain 
by gabbro and intermediate to mafic volcanic rocks, which are in turn overlain by the chemical 




Figure 5.3: (a) Geological map of the Buem structural unit, and (b) Tectono-stratigraphic sequence of the Buem structural unit, showing structural 
relationships (modified from Kwayisi et al., 2020). Locations of new samples for geochemistry and U-Pb dating (bold) are shown in the map and 
stratigraphy. Thick lines in-between units represent tectonic contacts, whereas faint lines represent primary contacts.
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All contacts between units are tectonic, expect for thin (3 m-thick) chemical units capping the 
ultramafic rocks, and gabbro locally in intrusive contact with volcanic rocks. Two main groups 
of sedimentary rocks have been identified in the BSU based on detrital zircon age population 
of the sediments; passive margin (950 Ma youngest zircon age) and foreland (600 Ma youngest 
zircon age) deposits (Table 5.1; Kalsbeek et al., 2008; Ganade de Araujo et al., 2016).  
Correlation between the BSU and Togo structural unit and the Voltaian Supergroup is a matter 
of continuous debate. Although the contacts between these three units are tectonic, there is a 
general increase in metamorphic conditions from west to east, from unmetamorphosed in the 
Voltaian Supergroup, prehnite-pumpellyite to greenschist facies in the BSU (Affaton et al., 
1997; Jones, 1990; Nude et al., 2015; Kwayisi et al., 2020) and greenschist to lower 
amphibolite facies in the Togo structural unit (Adjei and Tetteh, 1997; Attoh et al., 1997). This 
is somewhat correlated with an eastward increase in deformation intensity, as the generally 
flat-lying Voltaian Supergroup shows steep dips at its eastern margin (Grant, 1969). Figure 5.4 
summarises the various correlations and classification schemes proposed in the literature. 
Pioneering work considered the BSU and Togo structural unit to be older than the Voltaian 
Supergroup, because of their higher degree of deformation and metamorphism (Fig. 5.4a; 
Junner and Hirst, 1946). However, the recognition of the characteristic triad of the Kodjari-
Buipe Subgroup of the Oti Group in both the BSU and Togo structural unit led Affaton (1990), 
Kalsbeek et al. (2008), and Anani et al. (2019) to infer that the BSU and Togo structural unit 
are the lateral deformed and metamorphosed equivalents of the Voltaian Supergroup (Table 
5.1; Fig. 5.4g). Based on the similarity in detrital zircon age distributions between the Voltaian 
Supergroup, the BSU and Togo structural unit, Kalsbeek et al. (2008) and Ganade de Araujo 
et al. (2016) proposed that the three units were deposited in a similar passive margin and 
foreland basins (Table 5.1). The maximum depositional age for the BSU rocks with passive 
margin characteristics is ~950 Ma, and these rocks correlate with the Bombouaka Group of the 
Voltaian Supergroup and quartzite of the Togo structural unit (Kalsbeek et al., 2008; Ganade 
de Araujo et al., 2016). The maximum depositional age for the uppermost sedimentary rocks 
of BSU is ~ 600 Ma, suggesting derivation from the BNS, and correlation with the Oti and 
Obosum groups of the Voltaian Supergroup and the Kanti schist of the Togo structural unit 





Figure 5.4: The subdivisions and correlations of the Voltaian Supergroup, the Buem structural unit (BSU) and the Togo structural unit (TSU) 
proposed by (a) Junner and Hirst (1946), (b) Black (1967), (c) Grant (1969), (d) Bozhko (1969), (e) Saunders (1970), (f) Blay (1983), and (g) 
Affaton (1990).  
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5.3. FIELD RELATIONS AND PETROGRAPHY 
Sedimentary rocks dominate the study area, occupying nearly 70% of the BSU (Fig. 5.3a). The 
sedimentary rocks of the BSU can be grouped into clastic and chemical units (Fig. 5.3b). The 
clastic units are sandstone, shale, turbiditic shale and diamictite, occupying the bottom and 
upper parts of the BSU, with the mafic-ultramafic and chemical units in the middle. The lower 
clastic units are overlain in thrust contact by the mafic-ultramafic rocks, whereas the upper 
clastic units are above, in thrust contact with the chemical unit or locally with the volcanic 
rocks. Figures 5.5 and 5.6 illustrate the field and petrographic characteristics of the BSU clastic 
units, respectively. The Lower clastic units have undergone weak metamorphism defined by 
albite, quartz and muscovite and related to the ubiquitous D2 deformation event described by 
Kwayisi et al. (2020). The Upper clastic units are generally unmetamorphosed. The Lower 
clastic unit are largely fine to medium-grained, consisting of intercalated metasandstone and 
shale (Fig. 5.5a), usually occupying low topographical levels and they are abundant in the 
eastern part of the study area, towards the contact with the TSU. The Upper clastic units, on 
the other hand, consist generally of massive units (Fig. 5.5b) that occupy higher topographic 
levels than the Lower clastic units, and consist of thick beds of well- to poorly-sorted units 
including diamictite, sandstone and shale (Fig. 5.5b and 5.5c). They are dominant in the 
western part of the study area, towards the contact with the Voltaian Supergroup. The features 
of the framework grains of the BSU clastic units, characterised by abundant quartz, appreciable 
amounts of feldspar together with lithic fragments, classify them as quartz arenite, 
sublitharenite, subarkose, lithic subarkose and litharenite (diamictite) (Fig. 5.7). The main 
criterium for distinguishing Lower clastic units and Upper clastic units quartz arenites is that 
the Lower clastic unit is bedded whereas the Upper clastic unit is generally massive. The shales 
vary in colour, ranging from dark grey, red, purple, green, to creamy white. The shales are 
grouped into upper shale (U-shale) and lower shale (L-shale) based on their position in the 
tectonostratigraphy (Fig. 5.3b). The U-shales occur as interbeds within the Upper clastic unit, 
while the L-shales occur within the Lower clastic unit. 
5.3.1. Lower clastic units  
The Lower clastic units of the BSU are quartz-arenite (NTDK3) and shales (L-shale, 
NTDK124B and NTDK242B). The quartz arenite is thickly to thinly bedded, fine- to medium-
grained with sub-rounded to rounded clasts (Fig. 5.6a). It is composed of about 94 – 96% quartz 
grains, 1 – 3% lithic fragments, 1 – 2% K-feldspar, and 1% muscovite (Fig. 5.6a). The 
framework grains of the quartz arenite are cemented mainly with silica. The quartz grains show 
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undulose extinction and deformation lamellae. The K-feldspar is significantly altered to 
sericite. The L-shales are fine-grained, laminated and composed dominantly of clay minerals. 
They are intercalated with the quartz arenite (Fig. 5.5a). L-shales seldom are in tectonic contact 
with the mafic-ultramafic plutonic rocks.  
 
Figure 5.5: Representative field photographs of the BSU clastic units shown in Figure 5.3b. 
(a) Intercalation of quartz arenite and shale at the base of the BSU, (b) thickly bedded sandstone 
of the upper clastic units, (c) diamictite, and (d) thick beds of sandstone with diamictite 
interbed. 
 
5.3.2. Upper clastic units  
The Upper clastic units include quartz arenite (NTDK237), diamictite (NTDK165C), 
sublitharenite (NTDK60, NTDK165B, NTDK209B), subarkose (NTDK328B), lithic 
subarkose (NTDK269), and U-shale (NTDK59, NTDK270). The quartz arenite is generally 
massive, medium-grained, moderately- to well-sorted with sub-rounded to rounded grains (Fig. 
5.5b and Fig. 5.6b). Framework grains in the quartz arenite are dominantly quartz (96 – 98%), 
and minor feldspar (2 – 4%), which are mainly cemented with silica. The diamictite occurs as 
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massive beds that have coarse-grained clasts embedded in fine-grained sand or clay matrix 
(Figs. 5.5c and d, and Fig. 5.6c). It is poorly sorted with sub-angular to rounded grains.  
 
Figure 5.6: Photomicrographs of (a) deformed quartz arenite at the base of the BSU showing 
elongated grains, (b) quartz arenite from the Upper clastic units, (c) diamictite, (d) deformed 
diamictite showing elongated clasts of schist, defining the S2 slaty cleavage, (e) sublitharenite 
with volcanic clast and moderately- to well-sorted grains, (f) moderately sorted sublitharenite, 
(g) poorly-sorted sublitharenite, (h) subarkose with angular and poorly-sorted grains, (i) lithic 
subarkose showing significantly altered feldspars into sericite. Qz = Quartz, Ksp = K-feldspar, 
Ms = Muscovite, Pl = Plagioclase, Ser = Sericite (from Whitney and Evans, 2010) and Lt = 
Total lithic fragment (including polycrystalline quartz; after Dickinson et al., 1983). 
 
In a few samples, the grains are elongated and show a slightly preferred orientation (Fig. 5.6d). 
The diamictite is composed of quartz (45 – 55%), rock fragments (35 – 50%), plagioclase (1 – 
2%), and muscovite (<1%). Rock fragments are clasts of schist (garnet-staurolite, biotite, 
quartz-sericite, and chlorite-quartz schist), slate, granite, greywacke, and volcanic material 
(Fig. 5.6c). The diamictite contains a sericite matrix and silica cement.   
Three varieties of sublitharenites occur based on texture and composition. Sample NTDK209 
is medium to coarse-grained, moderate- to well-sorted with sub-rounded clasts (Fig. 5.6e). It is 
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composed of quartz (75%), lithic fragment (15% mainly volcanic clast), and plagioclase (10%). 
Sample NTDK60 is fine to medium-grained, moderately sorted with subangular to subrounded 
clasts (Fig. 5.6f).  
 
Figure 5.7: QFL diagram (Dickinson et al., 1983) for the Buem sandstones and diamictite Q 
= quartz, F = feldspar, and L = lithic fragment (excluding polycrystalline quartz). 
 
It is composed of quartz (85%), lithic fragment (8%) and K-feldspar (7%). Sample NTDK165B 
has clasts ranging from fine to coarse-grained (Fig. 5.6g). It is poorly sorted and contains sub-
angular to subrounded clasts. The framework grains of NTDK165B are quartz (84%), lithic 
fragments (14%), and K-feldspar (2%). The lithic fragments are sandstone and slate. Matrix 
content in the sublitharenites varies from 2 to 4% and is mainly sericite. The subarkose 
(NTDK328B) is generally poorly to moderately sorted and contains fine-grained angular clasts 
with abundant matrix (Fig. 5.6h). The subarkose is quartz- and K-feldspar-dominated, making 
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up 84 % and 10 % respectively of the total framework grains. Matrix content is about 6%. The 
K-feldspar is significantly altered to sericite. The lithic subarkose is medium-grained 
(NTDK260, Fig. 5.6i). Texturally, the lithic subarkose contains sub-angular to sub-rounded 
grains that are moderately sorted and slightly elongated. It is composed of quartz (70%), K-
feldspar (12%) and lithic fragments (16%). K-feldspar is significantly altered to sericite. A 
significant amount of muscovite (2%) and trace amounts of zircon are observed. The matrix 
content of the lithic subarkose is about 2 – 5% and generally composed of sericite that is 
deformed between framework grains. Generally, the U-shales are fine-grained, laminated and 
composed dominantly of clay minerals. Thin layers of U-shale commonly occur as interbeds 
within the diamictite and the sublitharenite (Fig. 5.3b).  
 
5.4. SAMPLING STRATEGY AND ANALYTICAL TECHNIQUES 
To determine the depositional setting and potential provenance, 12 fresh and representative 
samples of the BSU sedimentary rocks were analysed for their whole-rock major and trace 
element concentrations at the Spectrum Analytical Facility, University of Johannesburg, South 
Africa. Their position in the stratigraphy is reported in Figure 5.3b. Three samples from the 
Lower clastic units include a quartz arenite (NTDK3) and two intercalated L-shales 
(NTDK124B, and NTDK242B). Nine samples were selected from the Upper clastic units. They 
include one basal quartz arenite (NTDK237), three sublitharenites (NTDK60, NTDK165B, and 
NTDK209B), one diamictite (NTDK165C), one subarkose (NTDK328B), lithic subarkose 
(NTDK260) and two U-shales interlayered with the sublitharenite (NTDK59 and NTDK270). 
Six samples of siliciclastic rocks, in stratigraphic order: NTDK3 (Lower clastic units), and 
NTDK237, NTDK60, NTDK260, NTDK165C, and NTDK165B (Upper clastic units) were 
selected for zircon U-Pb and Lu-Hf analyses. The multi-collector inductively coupled plasma 
mass spectrometer (MC-ICP-MS; Nu Plasma II instrument) was used for the U-Pb and Hf 
analyses at the University of Johannesburg, South Africa. A detailed description of sample 
preparation and analytical procedure and protocol can be found in Appendix A. The following 
parameters were used in calculating the epsilon-Hf (εHf(t)) and TDM model age; a decay 
constant of 1.867 x 10-11 (Söderlund et al., 2004), depleted mantle (DM) values of 176Hf/177Hf 
= 0.28325 and 176Lu/177Hf = 0.0388 (Griffin et al., 2004), and CHUR (Chondritic uniform 
reservoir) parameters 176Lu/177Hf = 0.0336, 176Hf/177Hf = 0.282785 of Bouvier et al. (2008). 
The one-stage Hf model ages (TDM1), calculated from the 
176Lu/177Hf and 176Hf/177Hf ratios 
measured for the zircons of the BSU samples, can only give a minimum age for the proto-
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source material of the magma from which the zircon crystallised. Therefore, for each zircon, a 
two-stage Hf model age (TDM2), or a “crustal” model age (TDM
C), which assumes that its 
parental magma was produced from average continental crust (176Lu/177Hf = 0.015; Griffin et 
al., 2004) that originally was derived from the depleted mantle, was calculated. 
 
5.5. MAJOR ELEMENT AND TRACE ELEMENT CHARACTERISTICS 
Table 5.2 presents the whole-rock major and trace element concentrations of the sedimentary 
rocks of the BSU. Post-diagenetic alteration and metamorphism can affect the concentration of 
the major elements, especially MgO, CaO, Na2O, and K2O and increase the loss on ignition 
(LOI = >5 wt.%) content of sedimentary rocks (Jiang et al., 2017). Therefore, it is important to 
evaluate the influence of post-diagenetic alteration and metamorphism on the mobility of the 
elements on the BSU sedimentary rocks. All the samples of the BSU have low LOI content 
(0.7 – 4.1 wt.%), which makes it less likely that significant remobilisation of these major 
elements has occurred during post-diagenetic alteration and metamorphism.  
The chemical index of alteration (CIA) permits the assessment of the intensity of chemical 
weathering that affected the sedimentary rocks, particularly the conversion of feldspars to clay 
minerals (Nesbitt and Young, 1982). The CIA is defined by the molar ratio [Al2O3/(Al2O3 + 
CaO* + Na2O + K2O)]/100, with CaO* signifying Ca in the silicate fraction i.e. exclusive of 
calcite, dolomite and apatite (CaO* = CaO – CO2 (cc) – (0.5 x CO2 (dol)) - 10/3 (P2O5) (ap)) 
(Nesbitt and Young, 1982). In this expression, cc is calcite, dol is dolomite and ap is apatite. 
McLennan (1993) indicated that in cases where CO2 is not measured, the expression for CaO* 
becomes CaO* = CaO - 10/3 (P2O5) (ap). Low CIA (50) values show a weak intensity of 
weathering while high (~100) values signify high chemical weathering (Nesbitt and Young, 
1982). The CIA values calculated for the BSU sedimentary rocks vary between 69 and 78 for 
the quartz arenites and 59 to 66 for the sublitharenites. The diamictite, subarkose, and lithic 
subarkose respectively have CIA values of 60, 61 and 72 (Table 5.2). The shales have CIA 
values of 72 (U-shale), and 61-64 (L-shale). The CIA values for the BSU sedimentary rocks 
indicate low to moderate degrees of weathering.  
Because the rare earth elements (REE), high field strength elements (HFSE) and transition 
metals are least affected by post-depositional alteration and metamorphism (Taylor and 
MacLennan, 1985; McLennan et al., 1993), potential provenance and depositional setting 
interpretations will be based on these trace elements.   
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Table 5.2: Major and trace elements composition of the Buem sedimentary rocks.  
Sandstone 





UPPER CLASTIC UNIT 
 




SiO2 92.88 96.3 92.38 73.98 79.44 95.55 89.5 74.14 
TiO2 0.19 0.12 0.16 0.56 0.33 0.12 0.17 0.68 
Al2O3 3.44 1.81 3.7 11.51 9.02 2.7 4.59 10.66 
Fe2O3 1.76 0.55 1.27 4.37 3.74 0.5 2.72 4.69 
MnO 0.04 0.05 0.04 0.08 0.18 0.4 0.4 0.07 
MgO 0.26 0.12 0.26 1.51 1.15 0.11 0.21 1.6 
CaO 0.04 0.05 0.04 0.68 0.24 0.04 0.04 0.96 
Na2O 0.12 0.09 0.04 3.63 1.73 0.4 0.04 1.7 
K2O 0.49 0.4 1.13 1.35 2.11 0.74 1.04 2.05 
P2O5 0.04 0.05 0.4 0.14 0.08 0.4 0.4 0.16 
LOI 0.74 0.72 0.96 1.85 1.71 0.74 1.3 2.73 
Sum 99.88 100.26 99.85 99.71 99.74 100.46 99.52 99.43 
Na2O/K2O 0.24 0.23 0.04 2.69 0.82 0.54 0.04 0.83 
SiO2/Al2O3 27 53 25 6 9 35 20 7 
CIA 78 69 66 59 60 60 72 61 
ICV 1.13 1.05 1.11 1.42 1.44 1.21 1.38 1.48 
Sc 3.3 0.3 3.2 12 8.5 1.9 4.7 14 
V 33 28 29 87 55 22 30 83 
Co 1.5 0.6 3.4 9 14.5 0.5 4.7 12.2 
Ni 12 7 11 22 28 4 10 38 
Rb 22 4 47 39 72 27 45 92 
Sr 30 1 0 136 91 5 16 63 
Y 6.5 2.6 8.2 24.9 13.2 5.8 12.2 39.8 
Zr 42 24 77 103 99 57 95 202 
Nb 2.24 0.61 2.79 6.34 4.45 1.92 2.7 12.26 
Cs 0.65 0.05 1.82 0.94 3.11 0.43 0.98 2.91 
Ba 153 10 190 561 428 181 178 341 
La 15.7 3.7 9.4 17.8 13.6 7.2 14.2 39.6 
Ce 28.5 6.9 22.3 35.0 29.6 13.6 27.7 67.7 
Pr 3.39 0.82 2.24 4.63 3.52 1.59 3.46 9.3 
Nd 12.0 2.8 8.1 17.7 13.4 5.7 12.7 34.7 
Sm 2.15 0.52 1.41 3.8 2.56 1.1 2.36 7.08 
Eu 0.48 0.09 0.29 0.86 0.56 0.23 0.5 1.41 
Gd 1.76 0.4 1.28 3.66 2.26 1.02 2.14 6.5 
Tb 0.23 0.06 0.19 0.58 0.32 0.15 0.33 0.94 
Dy 1.16 0.36 1.25 3.63 1.97 0.88 2 5.51 
Ho 0.23 0.08 0.26 0.76 0.41 0.18 0.39 1.09 
Er 0.60 0.20 0.79 2.25 1.23 0.49 1.04 2.93 
Tm 0.09 0.03 0.13 0.33 0.18 0.07 0.17 0.42 
Yb 0.57 0.23 0.87 2.26 1.21 0.49 1.13 2.82 
Lu 0.08 0.03 0.15 0.34 0.19 0.08 0.17 0.44 
Hf 1.2 0.69 2.2 2.83 2.74 1.63 2.64 5.73 
Ta 0.18 0.04 0.2 0.47 0.34 0.15 0.2 0.86 
Pb 3.64 0.96 3.79 9.72 11.21 5.17 11.13 16.47 
Th 1.92 0.74 3.04 4.59 4.18 1.88 3.34 10.88 
U 0.51 0.22 0.52 1.13 0.82 0.42 0.59 2.35 
Eu/Eu* 0.75 0.59 0.67 0.70 0.71 0.66 0.68 0.64 
LOI = loss on ignition, CIA = chemical index of alteration, and ICV = index of compositional 
variability. The diamictite show very high SiO2 content probably because most of the rock 
fragments and matrix are of silica-rich materials (Fig. 5.6c and d). 
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Table 5.2: Continued. 
Shale 
Sample Id NTDK59 NTDK270 NTDK124B NTDK242B 
 U-Shale L-Shale 
SiO2 69.02 68.98 62.98 69.52 
TiO2 0.63 0.63 0.78 0.66 
Al2O3 15 14.99 16.46 11.84 
Fe2O3 6.23 6.22 7.11 8.51 
MnO 0.04 0.4 0.08 0.05 
MgO 0.64 0.65 2.54 1.77 
CaO 0.04 0.04 0.31 0.27 
Na2O 0.04 0.04 1.59 2.09 
K2O 3.72 3.72 4.15 2.71 
P2O5 0.11 0.11 0.16 0.17 
LOI 4.09 4.01 3.57 2.06 
Sum 99.54 99.42 99.8 99.66 
Na2O/K2O 0.01 0.01 0.38 0.77 
SiO2/Al2O3 5 5 4 6 
CIA 72 72 64 61 
ICV 1.13 1.42 1.11 1.44 
Sc 11 15 20 16 
V 91 96 90 82 
Co 14 14.2 17.9 8.9 
Ni 38 39 189 26 
Rb 79 111 176 124 
Sr 18 30 14 19 
Y 9.6 16.8 36.6 33.8 
Zr 139 138 159 245 
Nb 8.72 8.84 13.88 23.33 
Cs 6.25 6.06 6.36 4.09 
Ba 884 919 590 175 
La 6.8 20.6 14.5 30.3 
Ce 36.4 47.1 59.9 63.2 
Pr 1.92 5.36 3.86 7.6 
Nd 7.4 19.5 14.7 28.1 
Sm 1.64 3.7 3.61 5.61 
Eu 0.44 0.91 0.82 1.09 
Gd 1.82 3.38 3.9 5.11 
Tb 0.31 0.5 0.67 0.83 
Dy 1.89 2.92 4.56 5.25 
Ho 0.4 0.61 1.02 1.08 
Er 1.25 1.74 3.14 3.18 
Tm 0.19 0.27 0.48 0.49 
Yb 1.35 1.8 3.12 3.33 
Lu 0.21 0.29 0.51 0.52 
Hf 4 3.88 4.52 6.49 
Ta 0.65 0.63 0.97 1.4 
Pb 2.14 2.66 18.54 14.65 
Th 4.23 5.34 12.17 11.79 
U 1.42 1.5 2.04 1.89 





Figure 5.8: Chondrite-normalised REE plot for (a) Buem sandstones and diamictite, (b) Buem 
shales. Multi-elements plot normalised to UCC (c) Buem sandstones and diamictite, and (d) 
Buem shales. Normalising values for UCC from Rudnick and Gao (2003) and chondrite from 
Taylor and McLennan (1985). PAAS is from McLennan (1989). 
 
The BSU sedimentary rocks exhibit similar REE patterns, comparable to Upper Continental 
Crust (UCC) and Post-Archean Australian Shale (PAAS), with high concentrations of the Light 
REE (LREE) and nearly flat Heavy REE (HREE), and negative Eu anomalies on the chondrite-
normalised REE diagram (Figs. 5.8a and 5.8b). Two of the shales show pronounced positive 
Ce anomalies. Figures 5.8c and 5.8d are the diagrams of the incompatible trace element 
concentrations normalised to UCC for the BSU sedimentary rocks. On these diagrams, the BSU 
sedimentary rocks are similar to PAAS but display a stronger Sr depletion (Fig. 5.8c). The 
diamictite, sublitharenites and lithic subarkose have positive K peaks although absolute values 
are lower than for PAAS and UCC. Upper clastic units quartz arenite, sample NTDK237, has 
the lowest trace element concentration, showing a Nb-Ta trough, depletion in Ba, and 
enrichment in K, P, and Ti. A very weak Nb-Ta trough is also evident for the lithic subarkose, 
diamictite, and two sublitharenite samples (NTDK60 and NTDK165B). The lithic subarkose, 
diamictite, and a sublitharenite (NTDK209B) exhibit positive P anomaly. The overall trace 
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element patterns for the shales resemble that of PAAS and the concentrations are almost the 
same as UCC (Fig. 5.8d).  
 
5.6. ZIRCON MORPHOLOGY, U-PB AGE DISTRIBUTION, AND LU-HF ISOTOPE 
COMPOSITION 
Cathodoluminescence (CL) images of detrital zircon grains together with spot ages and εHf(t) 
values are given in Appendix B and the U-Pb zircon analysis results for the samples of the BSU 
are available in Appendix C. In this study, a total of 581 zircons were analysed in six BSU 
samples for their U-Pb ages, of which 432 analyses provided ages within ±10% concordance 
and only these near-concordant data will be discussed. The Lu-Hf isotope compositions for the 
near-concordant zircons from the BSU samples are given in Appendix D. The results are 
illustrated in the cumulative age distribution (Fig. 5.9), probability density and kernel density 
estimate plots (Appendix E). The results are presented in stratigraphic order, starting with the 
lowermost sample as shown in figure 5.3b. 
The zircons separated from sample NTDK3 (quartz arenite) collected within the Lower clastic 
units, generally have regular oscillatory or sector zoning, and mostly exhibit rounded grain 
morphologies. The zircons have 1:1 to 2:1 length to width ratios and range between 55 and 160 
μm in size. They dominantly have Th/U ratios between 0.3 and 1.0 with very few grains having 
Th/U ratios of 0.08 – 0.27. The dominant age fraction is 2388 – 1741 Ma (95%), with a minor 
fraction at 1527 – 1366 Ma (4%) and one single 2605 Ma (1%) zircon grain for the 69 near-
concordant zircons analysed for this sample (Table 5.3). Most of the zircon grains in this 
sample are between 2201 and 2038 Ma (Fig. 5.9a, and Appendix E), with a peak at 2100 Ma. 
The initial 176Hf/177Hf isotopic ratios of this sample vary from 0.281005 to 0.281913. The 
Paleoproterozoic zircon grains gave both negative and positive εHf(t) values from -14.4 to +8.6 
(Fig. 5.10a) corresponding to Hf crustal model ages (TDM
C) from 3.6 to 2.2 Ga (Appendix D). 
The two zircons of Mesoproterozoic age have positive εHf(t) values of +2.5 to +2.9 and Hf 
crustal model ages of ca. 2.1 Ga.  
The quartz arenite at the base of the Upper clastic units, sample NTDK237, predominantly 
contains rounded zircon grains that are mostly zoned and have a length to width ratios of 1:1 
to 2:1 and size of 80 to 160 μm. Th/U ratios of these zircons are mainly between 0.3 and 2.0, 
with few grains between 0.2 and 0.3. The 73 near-concordant zircons analysed from this sample 
yielded a prominent zircon age population of 2238 – 1640 Ma (71%), with a dominant fraction 
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of 2238 – 1900 and a peak at 2150 Ma (Table 5.3, Fig. 5.9b, and Appendix E). Minor amounts 
of zircon with ages of 2954 – 2467 Ma (22%) and 1545 – 1164 Ma (7%) are also recorded. 
 
 
Figure 5.9: Cumulative age distribution plots for near-concordant (10% discordance limit) 
zircons from the BSU samples. The letters A to K represent major magmatic and metamorphic 
events on the WAC, BNS, and the Amazonian Craton (AC).   A = Leonian, B = Liberian, C = 
Eburnean, D = Archean events, E = Ventuari-Tapajós, F =   Rio Negro-Juruena, G = 
Rondonian-San Ignacio, H = Sunsas-Aguapeí,  I = Brasiliano, J = Paleoproterozoic basement, 
K = magmatism in the upper plate during Pan-African plate convergence of the Dahomeyide 




Table 5.3: Zircon age distributions of the Buem samples. 




NTDK165B Sublitharenite Top part of upper clastic unit 1650 - 900 61%    
2398 - 1737 34%    
2981 - 2558 5%      
NTDK165C Diamictite Upper clastic unit 1585 - 892 54%    
2191 - 1620 33%    
2994 - 2452 13%      
NTDK60 Sublitharenite Upper clastic unit 1549 - 972 46%    
2151 - 1615 49%    




Upper clastic unit 1600 - 1123 48% 
   
2156 - 1700  52%      
NTDK237 Quartz arenite Lower part of the upper clastic unit 1545 - 1439  7%    
2238 - 1640 71%    
2954 - 2467 22%      
NTDK3 Quartz arenite Lower clastic unit 1527 - 1366 4%    
2354 - 1741 95% 
      2605 1% 
 
This quartz arenite sample records a wider range of initial 176Hf/177Hf isotopic ratios of 
0.280470 – 0.281949 than sample NTDK3. The zircon grains with Archean ages have εHf(t) 
values of +1.1 to -17.2 and Hf TDM
C of 4.3 – 3.0 Ga (Appendix D). Paleoproterozoic and 
Mesoproterozoic zircon grains yielded both negative and positive εHf(t) values, -20.0 to +4.3 
and -4.3 to +3.0 respectively (Fig. 5.10a), corresponding to Hf TDM
C ages of 3.9 – 2.4 Ga and 
2.4 – 2.0 Ga, respectively. 
Sample NTDK260 (lithic subarkose) which conformably overlies quartz arenite sample 
NTDK237, contains dominantly euhedral and a few rounded zircons, which display internal 
zoning. The zircons range in size from 60 to 100 μm and have between 1:1 and 2:1 length to 
width ratios. These zircon grains have Th/U ratios of mostly 0.3 – 2.0 and minor 0.07 – 0.30. 
Sample NTDK260 mainly contains zircons of 2151 – 1700 Ma (52%) (with two peaks, at 1950 
Ma and 1800 Ma), and of 1600 – 1123 Ma (48%) (with peaks at 1550 Ma and 1200 Ma) (Table 




Figure 5.10: Epsilon-Hf versus age diagram for the Buem samples, showing the detrital zircon 
data relative to CHUR and Depleted mantle evolution curves and comparison to published data 
for the WAC, BNS, Amazonian Craton (AC) and the Santa Quitéria Arc (SQA), (a) samples 
NDTK3 and NTDK237, (b) samples NTDK60 and NTDK260, (c) samples NTDK165B and 
NTDK165C, (d) comparison of the BSU samples with the Neoproterozoic Pan-African Anti-
Atlas belt in Morocco. Published data are from Parra-Avila et al. (2017) and Peterson et al. 
(2018) for the WAC, Pepper et al. (2016), Neto and Lofan (2019) for the AC, Ganade de Araujo 
et al. (2016) and Kalsbeek et al. (2020) for the BNS, Ganade de Araujo et al. (2014b) for SQA, 
and Abati et al. (2012) for Anti-Atlas belt. The letters A to K represent major magmatic and 
metamorphic events on the WAC, BNS, and the Amazonian Craton, with details in figure 5.9.    
 
In terms of Hf isotopic composition, this sample shows a wide range of initial 176Hf/177Hf 
isotopic ratios (0.281125 – 0.282117), with both positive and negative εHf(t) values of -9.7 to 
+5.3 (Paleoproterozoic grains) and -15.3 to +6.0 (Mesoproterozoic grains) (Fig. 5.10b). Hf 
TDM
C ages for the Paleoproterozoic and Mesoproterozoic zircon grains are 3.5 – 2.3 Ga, and 
3.1 – 1.9 Ga, respectively (Appendix D).  
Sample NTDK60 (sublitharenite) overlies conformably on sample NTDK260 and is separated 
from it by a shale layer. Zircons separated from sample NTDK60 generally have regular 
internal zoning, exhibiting both euhedral and rounded grain morphologies. The zircons have 
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1:1 to 2:1 length to width ratios and range between 70 and 150 μm in size. They have Th/U 
ratios dominantly between 0.3 and 1.7 with very few grains having Th/U ratios of 0.1 – 0.3. 
Sample NTDK60 contains zircon age fractions in the ranges 3107 – 2495 Ma (5%), 2181 – 
1615 Ma (49%), and 1549 – 972 Ma (46%) from the 72 near-concordant zircons analysed 
(Table 5.3, and Fig. 5.9d). Initial 176Hf/177Hf of this sample range between 0.280756 and 
0.282186 with the following εHf(t) values and Hf crustal model ages for the various zircon age 
fractions: -0.8 to -2.4 and TDM
C = 3.6 – 3.2 Ga for Archean zircons, -13.0 to +3.6 and TDM
C = 
3.4 – 2.3 Ga for Paleoproterozoic zircons, -17.6 to +5.1 and TDM
C = 3.1 – 1.7 Ga for 
Mesoproterozoic zircons, and -22.6 and TDM
C = 3.2 Ga for the one Neoproterozoic zircon grain 
analysed (Appendix D).  
The diamictite sample (NTDK165C) that conformably overlies the sublitharenite (NTDK60) 
has the largest zircon grains (100 - 230 μm) compared to the other samples.  The zircon grains 
are mostly internally zoned and predominantly of rounded morphology. The zircon grains have 
Th/U ratios predominantly in the range 0.3 – 2.0 and subordinately 0.01 – 0.30.  Zircon age 
fractions recorded from the 90 near-concordant analysed zircons are, from least to most 
prominent: 2994 – 2452 Ma (13%), 2191 – 1620 (33%), and 1585 – 892 Ma (53%), (Table 5.3, 
and Fig. 5.9e). The initial 176Hf/177Hf isotopic ratios of the zircons vary from 0.281586 – 
0.280955. The εHf(t) values and depleted mantle extraction ages are -5.7 to +2.3 and TDM
C = 
3.5 – 3.1 Ga for Archean zircons; -9.8 to +3.9 and TDM
C = 3.2 – 2.2 Ga for Paleoproterozoic 
zircons; -19.4 to +4.7 and TDM
C = 3.0 – 1.7 Ga for Mesoproterozoic zircons; and -22.5 to +0.4 
and TDM
C = 3.0 – 1.8 Ga for the Neoproterozoic zircons (Fig. 5.10c, and Appendix D).  
The sublitharenite, sample NTDK165B, overlying the diamictite (NTDK165C) with a 
stratigraphic contact, contains both rounded and euhedral zircon grains that are mostly zoned 
and have a length to width ratios of 1:1 to 2:1 and sizes of 70 to 230 μm. Th/U ratios of these 
zircons are mainly between 0.3 and 2.0, with few grains between 0.04 and 0.30. The 77 near-
concordant zircons analysed from this sample yielded zircons age fractions at 2981 – 2558 Ma 
(5%), 2398 - 1737 Ma (34%), and 1650 - 900 Ma (61%) (Table 5.3, Fig. 5.9f, and Appendix 
E). In terms of Hf isotopic composition, this sample yielded initial 176Hf/177Hf isotopic ratios 
of 0.280674 – 0.252111. Hf model ages for Archean grains are TDM
C = 4.0 – 3.7 Ga with mainly 
negative εHf(t) values from -8.0 to -6.7 (Appendix D). Hf model ages for Paleoproterozoic and 
Mesoproterozoic zircon grains respectively vary from TDM
C = 3.4 – 2.5 Ga, and 2.7 – 1.8 Ga 
and both positive and negative εHf(t) values of -11.9 to +3.8 (Paleoproterozoic grains) and -
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3.7 to +5.3 (Mesoproterozoic grains). Neoproterozoic zircon grains have mainly negative 
εHf(t) values (-21.3 to -4.7) and Hf model ages of TDM
C = 3.1 – 2.1 Ga. Summary of the 
petrographic, geochemical, and geochronological characteristics of the BSU sedimentary rocks 
are shown in Appendix F. 
 
5.7. DISCUSSION 
5.7.1. Tectonostratigraphic record of the BSU 
A first-order examination of the cumulative age distribution curves and the U-Pb detrital zircon 
age vs. εHf(t) patterns in Figures 5.9 and 5.10 allows us to distinguish three major groups of 
sedimentary rocks within the BSU: 1). Samples NDTK3 and NTDK237, from the base of the 
Upper clastic units and Lower clastic units, contain prominent 2300 – 1800 Ma (60 – 89%) 
zircons. 2). Samples NTDK60 and NTDK260, overlying Group 1 in the Upper clastic units, 
contain predominantly 1800 – 1100 Ma (64 – 67%) zircons and a minor fraction at 2300 – 1800 
(35%), but lack Neoproterozoic zircons grains; 3). Samples NTDK165B and NTDK165C, 
occupying the top part of the Upper clastic units, contain a significant fraction of 
Neoproterozoic grains (1000 - 969 Ma). Some of the 1200 – 892 Ma zircons from the Upper 
clastic units with pronounced negative εHf(t) values between −10 and −23 and TDM
C model 
ages between 3.1 and 2.5 Ga are arranged in a linear array with a slope of 176Lu/177Hf of ∼0.001 
(Figs. 5.10b and c).  This suggests the main phase of crustal growth between 2.5 and 3.1 Ga 
and subsequent resetting of the U-Pb system during the early Neoproterozoic. Few of these late 
Mesoproterozoic and Neoproterozoic zircons, however, show juvenile characteristics, having 
εHf(t) values of 0 to -5 (Figs. 5.10b and c). 
As a measure of similarity between samples, the 1-O method as proposed by Andersen et al. 
(2016) was employed. Andersen et al. (2016) suggested that the 1-O is a measure of the 
difference between two samples where O represents the part of the cumulative age distribution 
curve over which the confidence intervals of the two samples overlap (0 ≤ O ≤ 1). O = 1.0 
signifies that the samples have indistinguishable age distribution patterns (Andersen et al., 
2016). The pairwise O values for the samples from the BSU are shown in Appendix G, whereas 
Figure 5.11 represents a graph of 1-O illustrating the similarity pattern of the BSU samples. 
On the graph, the two lowermost samples NTDK3 and NTDK237 are consistently distinct from 
the other samples of the BSU. The Lower Quartile (LQ) vs Upper Quartile (UQ) plot (Fig. 
5.12) reinforces that samples NTDK3 and NTDK237 are similar by having a narrow age 




Figure 5.11: (a) Pairwise comparison of the confidence intervals of zircon U-Pb age distributions and Hf-in zircon isotopic composition among 
the individual samples of the BSU and with published data, using the 1-O parameter of Andersen et al. (2016) as a measure of difference. Note the 
upper part of the plot is Hf-in zircon comparison while the lower part is for U-Pb age, (b) Pairwise comparison of the upper clastic units of the 
BSU showing extensive similarity to the Bombouaka Group, and the quartzite of the TSU, and (c) Pairwise comparison of the lower clastic unit 
and the lower part of the upper clastic units of the BSU showing extensive similarity to Bombouaka Group and the quartzite of the TSU. Green = 
0 (statistically indistinguishable at the 95% confidence level), white = 0 - 0.05, red = >0.05 (statistically different), and grey = no data. LCU = 




Figure 5.12: Upper quartile versus lower quartile plots, after Andersen et al. (2018), of zircon U-Pb age data for the BSU samples and published 
data. Published data are from Kalsbeek et al. (2008) and Ganade de Araujo et al. (2016). The orthogonal lines on each sample point are confidence 
limit (2 sigma). 
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Although from Figure 5.11 and Figure 5.12 Group 1 samples (NTDK165B and NTDK165C) 
and Group 2 samples (NTDK260 and NTDK60) are indistinguishable, only the Group 1 
samples, NTDK165B and NTDK165C, contain Neoproterozoic zircons with juvenile εHf(t) 
values of 0 to -5. It is thus clear that three broad groups of samples exist within the BSU, those 
with older age fractions dominantly 2300 – 1800 Ma, represented by samples from the Lower 
clastic units and base of the Upper clastic units; those with prominent 1700 – 1100 Ma zircons 
occupying the middle part of the Upper clastic units and those with significant 1000 – 970 Ma 
age fractions, forming the uppermost part of the Upper clastic units of the BSU. 
 
5.7.2. Depositional setting 
5.7.2.1. Maturity and recycling of the sediments 
There is a large variation in texture and mineralogical content observed for the siliciclastic 
rocks of the BSU. This calls for an investigation on the maturity of the sediments, using joint 
textural observations and chemical maturity indexes, such as SiO2/Al2O3 and Na2O/K2O ratios 
for siliciclastic sediments (Dabard, 1990; Armstrong-Altrin, 2009, 2015), as well as the index 
of compositional variability (ICV) = (Fe2O3 + K2O + Na2O + CaO + MgO + MnO + 
TiO2)/Al2O3 for the shales (Cox et al., 1995). The quartz arenites from the Lower clastic units 
and Upper clastic units have well-sorted subrounded to rounded grains (Figs. 5.6a and b). This 
textural feature, coupled with their high quartz content and high values of SiO2/Al2O3 (27 and 
53; Table 5.2) and low Na2O/K2O (0.23 and 0.24), implies that the quartz arenites are composed 
of mature sediments and have undergone sediment recycling as a result of long-distance travel 
or long periods in the depositional basin (e.g. Garzanti et al., 2012; Anderson et al., 2016). The 
diamictite and lithic subarkose have sub-angular to rounded grains that are poorly to 
moderately sorted (Figs. 5.6c and 5.6i respectively). They show high SiO2/Al2O3 (35 and 20 
respectively) and low Na2O/K2O (0.54 and 0.04 respectively) ratios. These features could 
signify low to moderate sediment maturity and recycling. The generally low SiO2/Al2O3 (6 – 
25) and high Na2O/K2O (0.04 – 2.69) ratios, as well as the angular to subrounded grains of the 
sublitharenites, indicate that they are composed of low to moderately recycled and immature 
to moderately mature sediments. The subarkose has low SiO2/Al2O3 (7) and low Na2O/K2O 
(0.83) ratios plus angular grains (Fig. 5.6h), which suggests immature and unrecycled sediment. 
Shales containing recycled sediments have low (<1) ICV values, whereas first-cycle immature 
sediments show high (>1) ICV values (Cox et al., 1995). The BSU shales have ICV values of 
>1, indicating first-cycle immature sediments (Table 5.2).  
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5.7.2.2. Composition of the source area 
The detrital zircons of the BSU sandstones and diamictite show a large range of U-Pb ages and 
Hf isotope model ages of 3107 – 970 Ma and 4.3 – 1.7 Ga respectively, a reflection of the 
accumulation of sediments from a mixture of young and old continental crust made up of 
juvenile mantle and reworked crustal materials or pre-existing sedimentary rocks. This, 
coupled with the fact that weathering and recycling rates do not follow stratigraphic succession, 
indicates the contribution of detritus to the sedimentary basin from different proto sources 
(proximal and distal) of different emplacement ages or sediments thereof. Mafic igneous rocks 
usually have minimal negative Eu anomalies (Eu/Eu* = 0.8 – 1), whereas negative Eu 
anomalies (Eu/Eu* = 0.5 – 0.8) are often observed in felsic igneous rocks (Taylor and 
McLennan, 1985; Cullers, 1994; Cullers and Podkovyrov, 2000). Thus, the negative Eu 
anomalies displayed by all the BSU sedimentary rocks may suggest the accumulation of 
detritus from felsic igneous rocks or sediments thereof. This is supported by the high amount 
of quartz grains, which correspond to high SiO2 content and similar trace elements patterns to 
UCC and PAAS observed in the samples (Fig. 5.5, Fig. 5.8, and Table 5.2). 
 
5.7.2.3. Tectonic setting of the BSU sedimentary rocks 
Two tectonic setting models have been proposed for the BSU sedimentary rocks. Osae et al. 
(2006) proposed a passive margin setting for the sandstones (upper and lower) of the BSU, 
based on petrography and major element composition. The presence of detrital zircon ages of 
950 Ma and older led Kalsbeek et al. (2008) to also proposed a passive margin setting for the 
upper and lower part of the BSU. In contrast, Ganade de Araujo et al. (2016) considered an 
active margin deposit in a foreland basin for the uppermost part of the BSU sandstones because 
of the significant amounts of detrital zircon grains with ages 900 – 600 Ma. In the present study, 
the sedimentary rocks of the BSU have major element compositions that suggest deposition in 
a passive margin (Fig. 5.13) for both the Upper clastic units and Lower clastic units. Detrital 
zircon grains obtained from the BSU sandstones and diamictite yielded a wide range of ages 
from 3107 – 970 Ma. Youngest detrital zircon ages of passive and active margin sedimentary 
rocks of the Dahomeyide belt are at ca. 950 and 600 Ma respectively (Kalsbeek et al., 2008; 
Ganade de Araujo et al., 2016). Ganade de Araujo et al. (2016) inferred that the widening of 
the Pharusian Ocean introduced detrital zircon grains of 1000 – 950 Ma into the upper sections 
of the passive margin units of the Dahomeyide belt. Detrital zircons with ages between 1000 
and 950 Ma constitute about 7% of the total zircons analysed from the BSU samples (this 
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study). Thus the >950 Ma detrital zircon ages of the BSU sandstones and diamictite suggest 
their deposition in a passive margin depositional setting.  
 
 
Figure 5.13: Tectonic setting discrimination diagram (after Verma and Armstrong-Altrin, 
2016) for the Buem sandstones and shales. Also plotted are the published data for the rocks of 
the TSU and Voltaian Supergroup. Published data from Kalsbeek et al. (2008), Ganade de 
Araujo et al. (2016), Abu and Zongo (2017), Anani et al. (2017), Amedjoe et al. (2018), and 
Anani et al. (2019). DF = Discriminant function, A and P are active and passive margin 
respectively, and M = major element composition. 
 
 
5.7.3. Correlations of the Buem structural unit with Voltaian Supergroup and Togo 
structural unit 
The detrital zircon and geochemical record of the BSU are compared with those of the Voltaian 
Supergroup (Kalsbeek et al., 2008; Ganade de Araujo et al., 2016; Anani et al., 2017; Abu and 
Zongo, 2017; Amedjoe et al., 2018) and Togo structural unit (Kalsbeek et al., 2008; Ganade de 
Arujo et al., 2016; Anani et al., 2019). The quartzites of the Togo structural unit and 
Bombouaka Group of the Voltaian Supergroup have zircon age populations of 2200 – 930 Ma 
and 2200 – 1130Ma respectively (Figs. 5.11, 5.12, and 5.14a1 and b1; Kalsbeek et al., 2008; 




Figure 5.14 Cumulative age distribution plots for the BSU samples compared to published data for the Voltaian Supergroup, TSU and BSU and 
(a1) Lower passive margin, (b1) Upper passive margin, and (c1) Foreland basin. Published data are from Kalsbeek et al. (2008) and Ganade de 
Araujo et al. (2012, 2016). The letters A to K represent major magmatic and metamorphic events on the WAC, BNS, and the Amazonian Craton 
(AC), see Fig. 5.9 for details. (a2 to c2) Schematic diagram illustrating the geodynamic evolution of the external zone of the Dahomeyide belt.   
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Neoproterozoic zircon grains of 900 – 600 Ma have been recorded in the sandstones of the Oti 
and Obosum groups of the Voltaian Supergroup and the Kanti schist of the Togo structural unit 
(Figs. 5.11, 5.12, and 5.14c1; Kalsbeek et al., 2008; Ganade de Araujo et al., 2016). The BSU 
has been divided into upper and lower sections by Affaton (1990), using a diamictite unit as a 
marker.  Affaton (1990) suggested that the lower (below the diamictite) and upper (above the 
diamictite) sections of the BSU correlate with the Bombouaka and Oti groups, respectively. 
Kalsbeek et al. (2008) correlated the sandstones of the BSU with the Bombouaka Group and 
the quartzite of the TSU on the basis of detrital zircon ages of >950 Ma obtained for the BSU 
sandstones. In this study, samples of the BSU contain detrital zircon with ages of ca. 970 Ma 
(Upper clastic units) and 1130 Ma (Lower clastic units) and older, similar to the quartzite of 
the Togo structural unit and Bombouaka Group respectively, however, distinct from the Oti 
and Obosum groups, and the Kanti schist (Figs. 5.11, 5.12 and 5.14a1 to c1). The absence of 
900 – 600 Ma zircon grains from the Upper clastic units, even for the units above the diamictite 
(Fig. 5.3b; this study) suggests that the upper section of the BSU in Ghana may not correlate 
with the Oti Group as suggested by Affaton (1990). Another possibility is that the diamictite 
units sampled in this study may not correspond to the diamictite observed by Affaton (1990) 
in Benin. No published geochemical and detrital zircon data are available for comparison. 
However, zircons of 900 – 600 Ma ages have been recorded for one sandstone sample of the 
uppermost part of the BSU in Benin (Fig. 5.2, Ganade de Araujo et al., 2016). This sandstone 
(DKE-361B) in Figures 5.11 and 5.12, is distinct from the sandstone samples analysed in this 
present study and may thus correspond to a part of the BSU that is missing from the stratigraphy 
of the Ghana section of the BSU or it is yet to be sampled.  
The BSU sedimentary rocks are geochemically similar to the Bombouaka Group and the 
phyllites of the Togo structural unit (Fig. 5.13). The BSU sedimentary rocks show a similar 
passive margin signature as the Bombouaka Group and phyllite of the Togo structural unit (Fig. 
5.13). Based on geochemical composition and detrital zircon ages of >950 Ma, Kalsbeek et al. 
(2008), Ganade de Araujo et al. (2016), Abu and Zongo (2017) and Anani et al. (2017; 2019) 
proposed that the Bombouaka Group and the Togo structural unit formed in the same passive 
margin basin of the Dahomeyide belt. Based on the youngest detrital zircon at 600 Ma, Ganade 
de Araujo et al. (2016) inferred a foreland basin setting for the Oti Group and Kanti schist. 
However, Amedjoe et al. (2018) considered the Oti Group to have been deposited in a passive 
margin setting, based on geochemical characteristics. Although some of the Oti samples have 
active margin signature, Amedjoe et al. (2018) interpreted that as inherited from an old island-
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arc source area, i.e. the WAC basement. Considering all the evidence, it is therefore proposed 
that the BSU, Togo structural unit and Bombouaka Group formed in the same passive margin 
depositional basin, a reflection of similar geochemical features and detrital zircon age 
distributions. The Pan-African orogeny, has, however, deformed and metamorphosed the BSU, 
Togo structural unit and the eastern part of the Voltaian Supergroup in the Volta Basin. 
 
5.7.4. Potential provenance of the BSU sedimentary rocks 
Detrital zircons recognized to be of igneous origin can be used to determine major magmatic 
events in the proto-source areas (Condie et al., 2009), and obtain information regarding 
continental crust formation and evolution from their Lu-Hf isotopic composition (Andersen et 
al., 2016; Spencer et al., 2019). A majority (>75%) of the zircons of the BSU sedimentary rocks 
have regular internal zoning (Appendix B) with Th/U ratios between 0.3 and 2.0 (Appendix 
C), in agreement with an igneous origin (e.g. Kinny et al., 1990; Hoskin and Schaltegger, 2003; 
Corfu et al., 2003). Thus, the U-Pb ages and Lu-Hf isotopic composition obtained from the 
igneous zircons of the BSU samples reflect the timing of their crystallisation, which in turn 
provides important constraints on the crustal evolutionary history of their proto-source. 
A minor amount of 3100 – 2500 Ma (7%) zircons is recorded in most of the analysed samples 
of the BSU. All the samples from the BSU contain zircons in the age range from 2200 to 1800 
Ma (33% – 93%). The potential sources for these zircons are the basement rocks of the WAC, 
and/or Amazonian Craton. The WAC is divided into a western Archean basement and an 
eastern Paleoproterozoic Birimian domain characterised by greenstones, granitoids, and 
granitic gneisses of ages between 3500 and 2500 Ma, and between 2200 and 2000 Ma 
respectively (Fig. 5.10; e.g. Abouchami et al., 1990; Taylor et al., 1992; Potrel et al., 1998; 
Egal et al., 2002; Sakyi et al., 2014; Anum et al., 2015; Kouamelan et al., 2015; Rollison et al., 
2016; Grenholm et al., 2019). Metasedimentary rocks of Paleoproterozoic age (2200 – 1900 
Ma) are associated with the Paleoproterozoic greenstones, granitoids and granitic gneisses 
(Grenholm et al., 2019). Also, Archean and Paleoproterozoic greenstones, granitoids and 
granitic gneisses (3500 – 1800 Ma) are exposed on the Amazonian Craton (Cordani et al., 2009, 
Neto and Lofan, 2019). Therefore, potential sources for the Archean and the Paleoproterozoic 
zircons of the BSU samples are the granitoids and granitic gneisses of the Archean and 
Paleoproterozoic basement and/or sedimentary rocks associated with the Paleoproterozoic 
granitoids and granitic gneisses of the WAC and the Amazonian Craton. Major and trace 
element concentrations of the BSU sedimentary rocks and the Hf isotopic ratios of their zircons 
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indicate that they originated from a felsic continental basement with minimal or intense 
sedimentary recycling. The BSU has been reported to be underthrust by the Paleoproterozoic 
Birimian rocks based on field data (Attoh, 1998; Attoh and Nude, 2008) and processing of 
aeromagnetic data (Kwayisi et al., 2020). Additionally, the low positive and low to high 
negative εHf(t) values for the Archean and Paleoproterozoic zircons of the BSU sedimentary 
rocks are within the range for the Archean and Paleoproterozoic granitoids and sedimentary 
rocks of the WAC and more especially the Amazonian Craton (Fig. 5.10a to c; Parra-Avila et 
al., 2017; Petersson et al., 2018, Pepper et al., 2016; Neto and Lofan, 2019). The BNS is a 
source area that could be considered as it consists of 2200 – 2000 Ma granitic gneisses and 
metasedimentary rocks (Attoh et al., 2013; Ganade de Araujo et al., 2016; Aidoo et al., 2020; 
Kalsbeek et al., 2020), which were reworked during the Pan-African orogeny (Attoh et al., 
2013; Ganade de Araujo et al., 2016). However, this is considered unlikely because a signature 
of the BNS provenance is Pan-African zircons (900 – 600 Ma, Kalsbeek et al., 2008; Ganade 
de Araujo et al., 2016), which are absent in our samples (Figs. 5.10 and 5.14a1 to c1). Besides, 
the WAC and the Sahara Metacraton were not attached in all the supercontinent reconstruction 
between 2000 and 1000 Ma until the assembly of Gondwana (ca. 600 Ma), during the Pan-
African orogeny (Abdelsalam et al., 2002; Rogers and Santosh, 2002; Meert et al., 2012). 
The WAC provenance does not explain our age population at 1700 – 1000 Ma, which are 
present in most of the BSU samples, because the WAC did not record any major tectono-
metamorphic events between 1700 and 1000 Ma (Ennih and Liégeois, 2008). The proportion 
of zircons with ages of 1700 – 1000 Ma in the BSU samples varies with stratigraphic height, 
from bottom to top 9% (NTDK3), 18% (NTDK237), 64% (NTDK260), 55% (NTDK60), 54% 
(NTDK165C) and 56% (NTDK165B) (Table 5.3). Other peripheral basins to the WAC, such 
as the Neoproterozoic sedimentary rocks from the Sirwa and Zenaga inliers of the Pan-African 
Anti-Atlas belt, southern Morocco, lack detrital zircons of age fractions between 1700 and 
1000 Ma (Fig. 5.10d; Abati et al 2012), suggesting that this age population could be sourced 
from areas external to the WAC such as the Amazonian Craton. Compared to the WAC, late 
Paleoproterozoic and Mesoproterozoic (1700 –1000 Ma) granitoids and granitic gneisses are 
widespread on the Amazonian Craton (Fig. 5.10a to c; e.g. Santos et al., 2000, 2008; Tassinari 
et al., 2000; Cordani et al., 2009; Pepper et al., 2016). In the Rondonian–San Ignacio and 
Sunsas-Aguapeí belts of the Amazonian Craton (Fig. 5.1b), rocks of these ages are dominant 
(e.g. Sadowski and Bett-encourt, 1996; Cordani and Teixeira, 2007). Thus, the accumulation 
of greater proportions of the detritus into the BSU from the Amazonian Craton during Rodinia 
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break-up is plausible. Moreover, the positive and negative εHf(t) values for the zircons with 
ages ranging from 1700 to 1000 Ma of the BSU samples are within the range for the granitoids 
and sedimentary rocks of similar ages within the Amazonian Craton (Fig. 5.10a to c; Pepper et 
al. 2016). Kalsbeek et al. (2008) and Ganade de Araujo et al. (2016) have proposed an 
Amazonian Craton contribution to the sediment supply for the sandstones of the Bombouaka 
Group of the Voltaian Supergroup and the quartzite of the Togo structural unit based on detrital 
zircon age population of 1700 – 1000 Ma (Fig. 5.14). The Neoproterozoic rocks of the 
Taoudeni basin (Fig. 5.1a), which are correlative to the Voltaian Supergroup also record detrital 
zircon with ages between 1700 and 1000 Ma, which have been interpreted to have been sourced 
probably from the Amazonian Craton (Straathof, 2011). More recently, Kalsbeek et al. (2020) 
obtained an 1146 ± 4 Ma U-Pb zircon age from an augen gneiss in contact (unclear the type of 
contact) with the quartzite of TSU to the east. Kalsbeek et al. (2020) inferred that this age could 
indicate a Mesoproterozoic magmatic event that has not yet been identified on the WAC, and 
thus this augen-gneiss could have contributed to the sediment supply to the sandstones of the 
Bombouaka Group, quartzite of the Togo structural unit and sandstones of the BSU. However, 
there is still the need to account for the detrital zircon age fractions between 1700 and 1300 
Ma, 1000 and 900 Ma, and the pronounced negative εHf(t) values, between −10 and −20 of the 
2200 – 1800 age fraction (Fig. 5.10), which are missing from the geological records of the 
WAC. Mesoproterozoic Mafic dyke swarms have recently been reported cutting the Birimian 
rocks of the WAC (e.g., Baratoux et al., 2019). Mafic rocks generally lack zircons and thus 
could not have supply detrital zircons to the sedimentary basin. Hence, the record of 1700 – 
1000 Ma zircon age fractions in the BSU strengthens the Amazonian Craton-WAC connection. 
This is consistent with the generally NW- and NE-directed paleocurrent observed in the 
Bombouaka sandstones (Carney et al., 2010). Thus, during Rodinia time, the WAC and the 
Amazonian Craton were not separated by any major seas and these cratons may have been 
connected since the Paleoproterozoic era until the breakup of Pangea in the early Cretaceous 
period, which corroborate studies by Rogers (1996), Trompette (1994), Rogers and Santosh 
(2002) and Evans (2009, 2013).  
Neoproterozoic zircons are only recorded in the uppermost part of the Upper clastic units 
(NTDK165B and NTDK165C) of the BSU in low proportions (3 – 9%; Table 5.3). As 
discussed earlier, about 50% of these zircons (980 – 892 Ma) having εHf(t) values between 
−10 and −23 and TDM
C model ages between 2.5 and 3.1 Ga may have lost Pb whereas only a 
few (995 – 970 Ma) show more juvenile characteristics, having εHf values of 0 to -5. The Goais 
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magmatic arc that provided 900 – 750 Ma detrital zircons with pronounced negative εHf(t) 
values to the passive margin sedimentary rocks within the vicinity of the Mixteca terrane in 
eastern Amazonia could have resulted in the reworking of the Paleoproterozoic zircons during 
the Neoproterozoic era (Fig. 5.10; Cordani and Teixeira, 2007; Pepper et al., 2016). The few 
juvenile Neoproterozoic zircon grains could have been sourced from geological terranes on the 
Amazonian Craton. Widespread over the Amazonian Craton is the 1000 – 970 Ma anorogenic 
granitoids which, formed at the end of the Sunsas orogeny with very low negative εHf(t) values 
(Fig. 5.10; Cordani and Teixeira, 2007; Pepper et al., 2016).  
In a summary, the detrital U-Pb zircon ages and Lu-Hf isotopic compositions of the BSU 
samples reveal the Amazonian Craton as the potential provenance for its sediments with or 
without any contribution from the WAC. 
 
5.7.5. Evolution of the external zone of the Dahomeyide belt 
Results from this study, together with published data on the BSU, Togo structural unit and the 
Voltaian Supergroup, reveal two main sedimentary sequences in the external zone of the 
Dahomeyide belt, i.e. passive margin and foreland basin sequences with three potential 
provenances: Amazonian Craton, BNS, ± WAC (Fig. 5.14; Kalsbeek et al, 2008; Ganade de 
Araujo et al., 2016; this study). The 3100 to 930 Ma zircon population correspond to an 
Amazonian Craton provenance, with a minor contribution from the WAC, whereas the 900 – 
600 Ma is the signature of the BNS provenance (Fig. 5.10 and Fig. 5.14a1 to c1). The evolution 
of the passive margin sequence of the Dahomeyide belt started with the deposition of the 
Bombouaka Group (with depositional age at 959 ± 65 Ma Rb–Sr isochron on clay, Clauer, 
1976). This was followed by the deposition of the Togo structural unit and BSU (Fig. 5.14a2), 
with depositional ages respectively at 703 ± 8 Ma (zircon U-Pb on a metabasalt in the TSU; 
Ganade de Araujo et al., 2014a) and at ca. 650 Ma (Rb/Sr in glauconite; Clauer et al., 1982) 
respectively. This large variation in depositional ages reflects a long period of passive margin 
basin existence (from ~1000 to ~700 Ma) allowing the zircon fraction with 1000 – 930 Ma 
ages to be incorporated in the upper section of the passive margin units (Fig. 5.14b2; Ganade 
de Araujo et al., 2016, this study). Passive margin sedimentation was halted by the onset of the 
Neoproterozoic Pan-African orogeny, which resulted in subduction and collision between 780 
and 570 Ma (Affaton et al., 2000; Hirdes and Davis, 2002; Guillot et al., 2019). Deposition of 
foreland basin sequences (Oti and Obosum groups and the Kanti schist) occurred during and 
after Pan-African continent-continent collision (Fig. 5.14c2). First, the deposition of the 
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Kodjari-Buipe Subgroup of the Oti Group with ca. 635 Ma Marinoan glaciation deposition age. 
Second, the deposition of the Afram-Bimbila Subgroup of the Oti Group and the Kanti schist 
based on the 600 Ma youngest detrital zircon age. Finally, the deposition of the Obosum Group, 
which overlies the Afram-Bimbila Subgroup and the having ca. 591 Ma youngest detrital 
zircon age (Ganade de Araujo et al., 2016).  
 
5.7.6. Implications for the Neoproterozoic evolution of the eastern margins of the West 
African and Amazonian cratons 
Passive margin units consisting of pre- and syn- to post-rift metasedimentary rocks occur in 
the Timétrime massif of the Pharusian belt, the northern segment of the West Gondwana 
Orogen (Caby, 2014). Although no radiogenic isotope nor geochronological data are available 
on these passive margin units, their deposition may have occurred before 793 Ma, which is the 
age of an intra-oceanic arc gabbro that intruded them (Caby, 2014). In the Borborema Province, 
which is the southern segment of the West Gondwana Orogen, the sedimentary rocks of the 
Martinópole Group show similar detrital zircon age distribution, depositional settings and 
provenance patterns (Ganade de Araujo et al., 2012) as the external zone of the Dahomeyide 
belt (Fig. 5.14a1 and c1).  The São Joaquim Formation of the Martinópole Group was deposited 
in a passive margin (Fig. 5.14a1), with depositional age at 777 Ma (U-Pb zircon age of 
interleaved felsic volcanic rocks) and sediments sourced from the Amazonian Craton and WAC 
(Ganade de Araujo et al., 2012; 2016). Foreland basin sediments of the Goiabeira schist of the 
Martinópole Group and Jaibaras Basin in the Borborema Province share similar detrital zircon 
age population to that of the Oti and Obosum groups and Kanti schist (Fig. 5.14c1; Ganade de 
Araujo et al., 2012; 2016). The similarity in provenance pattern and depositional setting of the 
external zone of the Dahomeyide belt and sedimentary rocks of the Borborema Province 
provides important constraints on the assembly of West Gondwana during the Brasiliano/Pan-
African orogeny and the reconstruction of pre-Gondwana Paleogeography of West Africa and 
South America. A long, >2500 km passive margin basin developed between ca. 1000 – 700 
Ma before the onset of the assembly of West Gondwana, which was inverted during the 
Brazilian/Pan-African plate convergence and collision, and the formation of the foreland basin. 
5.8. CONCLUSIONS 
Detailed field, petrographic, geochemical, and geochronological data have been used to 
constrain the provenance and depositional setting of the BSU sedimentary rocks. The BSU 
sedimentary rocks were deposited in a passive margin setting with sediments derived 
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dominantly from the Amazonian Craton and minor contributions from the WAC. The 
geochemical and geochronological data reveal a strong correlation between the BSU, Togo 
structural unit and Voltaian Supergroup, an indication of similar depositional setting and 
provenance. Results from this study combined with previous data suggest two main 
sedimentary rocks in the external zone of the Dahomeyide belt, passive margin and foreland 
basin with sediments sourced from the Amazonian Craton, BNS, ± WAC. Geochronological 
data suggests the formation of a passive margin between ca. 1000 and 700 Ma, followed by a 
foreland basin formation during subduction-collision at 780 – 570 Ma. This finding is cognate 
with the sedimentary rocks of the Borborema Province, NE Brazil, which imply similar 
evolution along the West Gondwana Orogen during the break-up of Rodinia and subsequent 
assembly of the supercontinent Gondwana. Because a greater portion of the detritus is from the 
Amazonian Craton, the coexistence of the WAC and the Amazonian Craton from the 
Paleoproterozoic era with no major seas between them until the opening of the Atlantic Ocean 
in the Cretaceous period is proposed. 
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GEOCHEMICAL AND Nd-Hf ISOTOPE COMPOSITIONS OF THE BUEM MAFIC 
SUITE: EVIDENCE FOR THE FORMATION OF TRUE OCEANIC LITHOSPHERE 
AT THE EASTERN MARGIN OF THE WEST AFRICAN CRATON  
 
6.1. INTRODUCTION 
The Dahomeyide belt formed during the Neoproterozoic Pan-African orogeny, which 
amalgamated the West African Craton (WAC) into West Gondwana (e.g. Affaton et al., 1991; 
Attoh, 1998; Agbossoumondé et al., 2004; Attoh and Nude, 2008). This belt is marked by a 
well-preserved suture zone (Pharusian suture zone (PSZ)) of high-pressure (HP) eclogite and 
granulite gneiss (e.g. Attoh, 1998; Agbossoumondé et al., 2001). Two distinct groups of rocks 
have been identified in the PSZ – HP rocks with magmatic arc signatures and those with mid-
ocean-ridge basalt (MORB) affinity (e.g. Bernard-Griffiths et al., 1991; Attoh and Morgan, 
2004; Duclaux et al., 2006; Agbossoumondé et al., 2013, 2017). The HP rocks of magmatic 
arc signatures have been interpreted as intra-oceanic arc, the root of continental arc and 
partially exhumed forearc rocks formed in a supra-subduction zone environment (Duclaux et 
al., 2006; Guillot et al., 2019). The less common HP rocks with MORB affinity were derived 
from subducted oceanic crust and mantle (i.e. the Pharusian Ocean, Bernard-Griffiths et al., 
1991; Agbossoumondé et al., 2001; Cordani et al., 2003). About 50 km to the west of the PSZ 
occur the well-preserved, weakly metamorphosed, mafic suite (volcanic and plutonic rocks) 
and ultramafic complex within the Buem structural unit (BSU; Nude et al., 2015; Kwayisi et 
al 2020). The BSU is separated from the PSZ by a belt of siliciclastic rocks (the Togo structural 
unit; Attoh et al., 1997) that forms the distal part of the Neoproterozoic passive margin of the 
WAC (Ghana National Geological Mapping Project, 2009). Both BSU and Togo structural unit 
form the accretionary wedge of the Dahomeyide belt and were underthrust by the lower plate 
WAC basement during the Pan-African orogeny (Attoh et al., 1997; Kwayisi et al., 2020). If 
the HP rocks with MORB-type affinity of the PSZ represent the vestiges of the Pharusian 
oceanic lithosphere, then the origin and geodynamic setting of the BSU, its relationship to the 
PSZ and significance within the Dahomeyide belt remain elusive.  
Previous workers have proposed that the mafic suite and ultramafic complex of the BSU 
formed in an oceanic setting (either mid-oceanic ridge- or back-arc basin-type setting) along 
the eastern passive margin of the WAC (e.g. Affaton et al., 1997; Asiedu et al., 2008; Nude et 
al., 2015), with geochemical signatures similar to MORB. Burke and Dewey (1972) and 
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Shackleton (1976) proposed that the BSU mafic suite and ultramafic complex represents the 
Pharusian oceanic lithosphere (ophiolite) that was obducted during the Pan-African collisional 
phase. However, Jones (1990) and the Ghana National Geological Mapping Project (2009) 
proposed an intra-cratonic/continental rift zone, based on the alkaline nature of the volcanic 
rocks. Therefore, two possibilities exist for the origin of the mafic suite and ultramafic complex 
of the BSU in the Dahomeyide belt; they represent either (1) pre-Pan-African orogeny 
autochthonous oceanic lithosphere in a separate ocean basin located to the west of the 
Pharusian Ocean, or (2) a fragment of allochthonous Pharusian oceanic lithosphere 
incorporated into the accretionary wedge of the Dahomeyide belt. In the latter scenario, the 
BSU rocks should be similar to the MORB-type HP rocks of the PSZ. In any case, the origin 
and geodynamic setting of the BSU, its relationship to the PSZ and significance within the 
Dahomeyide belt at large remain elusive. To this end, this study presents new major and trace 
element geochemical data and the first Sm-Nd and Lu-Hf isotopic data for the mafic suite of 
the BSU in Ghana. The BSU data are compared with representative data for igneous rocks from 
known tectonic settings such as mid-oceanic ridges (Mid-Atlantic Ridge), oceanic islands 
(Hawaii Islands), island arcs (Tonga), seamounts, continental rift zones, and oceanic plateaus 
(Ontong Java) to determine the most likely tectonic setting for the BSU. Finally, this study 
proposes that the BSU represent true oceanic lithosphere formed during the seafloor spreading 
stage of the Pharusian oceanic basin along the south-eastern margin of the WAC.  
 
6.2. GEOLOGICAL SETTING 
West Gondwana assembled from several continental fragments derived from the breakup of 
the Rodinia supercontinent (Hoffman, 1991; Cordani et al., 2003; Attoh and Nude, 2008), 
which resulted in the formation of several orogenic belts surrounding the WAC during the 
Neoproterozoic Pan-African orogeny (ca. 950 – 540 Ma; Hoffman, 1991; Castaing et al., 1993; 
Cordani et al., 2003). The Dahomeyide belt occurs at the south-eastern margin of the WAC 
and forms the central segment of the West Gondwana Orogen, with the Pharusian belt in 
northern Mali and the Borborema Province in northeast Brazil being the West Gondwana 
Orogen northern and southern segments respectively (Figs. 6.1a and b; Caby, 1989; Attoh et 
al., 1997; Trompette, 2000; Ganade de Araujo et al., 2014). The Dahomeyide belt is divided 
into three zones: the external zone, the Pharusian suture zone and the internal zone (Fig. 6.1c, 
e.g. Attoh et al., 1997; Affaton et al., 2000; Duclaux et al., 2006; Attoh and Nude, 2008). In a 
plate tectonic scenario, the external and internal zones represent the lower and upper plates 
respectively (Agbossoumondé et al., 2004; Duclaux et al., 2006; Guillot et al., 2019).  
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The external zone consists of discontinuous fragments of the deformed edge of the WAC 
(locally referred to as the Ho gneisses in Ghana or the Kara orthogneiss in Togo and Benin) 
thrust under WAC passive margin sequences (Togo and Buem structural units, Attoh et al., 
1997; Aidoo et al., 2014, 2020). The PSZ comprises highly deformed HP mafic eclogite, mafic 
granulite, and amphibolite together with weakly deformed and metamorphosed mafic-
ultramafic rocks that have been interpreted as dykes and sills (Attoh, 1998, Agbossoumondé et 
al., 2004; Duclaux et al., 2006). The eclogite and granulite represent the root of continental arc, 
intra-oceanic arc, forearc, and/or fragments of the Pharusian oceanic lithosphere (Bernard-
Griffiths et al., 1991; Agbossoumondé et al., 2001; Attoh and Morgan, 2004; Duclaux et al., 
2006; Guillot et al., 2019). Metamorphism in the PSZ reached eclogite facies at 680-750 °C  
and 28-30 kbar (Ganade de Araujo et al., 2014), followed by granulite facies (720 ± 60 °C at 8 
± 2 kbar ), amphibolite facies (560 ± 60 °C at 5 ± 1 kbar) and finally greenschist facies (475 ± 
25 °C at 3 ± 1 kbar) (Agbossoumondé et al., 2001). This inferred P-T path suggests subduction 
of oceanic lithosphere followed by subduction of the leading edge of the WAC and continent-
continent collision during the Pan-African orogeny (Attoh, 1998; Agbossoumondé et al., 2001; 
Ganade de Araujo et al., 2014; Guillot et al., 2019). Magmatic crystallisation of continental 
and intra-oceanic arcs complexes is dated at 780 – 620 Ma (Bernard-Griffiths et al., 1991; 
Berger et al., 2011; Kalsbeek et al., 2012; Ganade de Araujo et al., 2014). HP metamorphism 
occurred at 620 – 610 Ma during subduction of the WAC continental margin (Ganade de 
Araujo et al., 2014) and exhumation at 610 – 570 Ma during Pan-African collision (Bernard-
Griffiths et al., 1991; Attoh et al., 1997, 2007).  
The internal zone consists of arc-related granitoids with ages of 670 – 610 Ma (Kalsbeek et 
al.,2012; Attoh et al., 2013; Ganade de Araujo et al., 2016), emplaced into Paleoproterozoic 
(2190 – 2140 Ma) rocks (i.e. composite basement of the Benino-Nigerian Shield (BNS); 
Agbossoumondé et al., 2013; Attoh et al., 2013; Kalsbeek et al., 2020). Post-collisional 
granitoids dated at 580 – 540 Ma intruded into the BNS (Kalsbeek et al., 2012; Ganade de 




Figure 6.1: (a) Map of African and South America showing the West Gondwana Orogen (after Ganade de Araujo et al., 2016), (b) Geological 
map of the West Gondwana Orogen, modified from Ganade de Araujo et al. (2014), and (c) Geological map of the Dahomeyide belt in Ghana, 
Togo and Benin, modified from Duclaux et al. (2006). 
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The BSU is approximately 750 km long, extending from Ghana to the Niger River in Benin, 
with a width between 5 and 50 km (Affaton et al., 1997; Nude et al., 2015). The BSU is the 
most external zone of the Dahomeyide belt, bounded to the east and west by thrust contacts 
with the Togo structural unit and the Voltaian Supergroup, respectively (Fig. 6.2; Blay 1991, 
2003; Affaton et al., 1997). The BSU comprises sedimentary rocks (clastic and chemical units), 
volcanic rocks, and mafic-ultramafic plutonic rocks (e.g. Jones, 1990; Blay 1991, 2003; 
Affaton et al., 1997; Nude et al., 2015; Kwayisi et al., 2017, 2020). Shale and sandstone make 
up the bulk of the clastic units with subordinate siltstone and diamictite (Junner, 1940; Jones, 
1990; Kwayisi et al., in prep (chapter 5)). The chemical units are mainly chert although small 
amounts of carbonate and ironstone occur (Ghana National Geological Mapping Project, 2009; 
Kwayisi and Nude, 2016; Kwayisi et al., 2020). The shale, chert and carbonate are commonly 
interlayered with the volcanic and mafic-ultramafic plutonic rocks. The mafic plutonic rocks 
are mainly gabbro whereas the ultramafic rocks are schistose serpentinite and serpentinised 
peridotite (Blay, 2003; Kwayisi et al., 2017, 2020). The volcanic rocks outcrop mainly in the 
southwest and north-central portions of the BSU in Ghana with the best exposures in 
Kwamikrom and Asukawkaw (Fig. 6.2). Detailed field and structural studies, and geophysical 
data interpretation have revealed that all the units within the BSU have been folded around a 
N-S-trending B2 fold axis during D2 deformation event with top-to-the west shearing (Kwayisi 
et al., 2020). Intercalated slate and metasandstone form the base of the BSU, followed by 
serpentinised peridotite, gabbro, volcanic rocks, and chemical units, with clastic units forming 
the top of the BSU (Kwayisi et al., 2020). 
Several researchers have studied the petrography and geochemistry of the mafic volcanic and 
plutonic rocks of the BSU (e.g. Robertson et al., 1925; Junner, 1940; Jones, 1990; Affaton et 
al., 1997; Nude et al., 2015; Kwayisi et al., 2017). The volcanic rocks are classified as olivine-
phyric basalt, agglomerate, and hyaloclastite (e.g. Robertson et al., 1925; Junner, 1940; Jones, 
1990). Recent petrographic work by Nude et al. (2015) showed that the volcanic rocks are 
spherulitic, amygdaloidal, vesicular, phyric and aphyric basalts, pyroclastic breccias and 
agglomerate. Nude et al. (2015) classified the BSU volcanic rocks (from Nkonya and 
Kwamikrom areas; Fig. 6.2) as subalkaline basalt, alkali basalt, basalt-andesite, andesite, 
trachyte, and phonolite with affinities to E-MORB and OIB. These authors proposed that the 




Figure 6.2: Geological map of the Buem structural unit in Ghana, with sample locations of the 




Jones (1990) geochemically classified the volcanic rocks (from the south-western, Nkonya 
area, Fig. 6.2) into basalt, hawaiite, mugearite, trachyte, and phonolitic trachyte, showing trace 
element signatures that are akin to alkaline lava series. Jones (1990) proposed a continental rift 
zone as the environment of formation of the volcanic rocks, based on their alkaline nature, and 
the continental nature of the associated sedimentary rocks. Two types of gabbros have been 
described by Kwayisi et al. (2017): those with geochemical characteristics similar to the BSU 
volcanic rocks, and those with volcanic arc character, showing minimal crustal contamination. 
Geochemical data on the BSU volcanic rocks of the Tiéle region in Benin (Fig. 6.1c) indicate 
that they are sub-alkaline, similar to MORB, and derived from the asthenospheric mantle 
(Affaton et al., 1997). Affaton et al. (1997) argued that a passive margin setting is the 
appropriate geodynamic setting for the BSU in Benin since this is the only setting that would 
afford the space and time for extension-related magmatism and associated thick sedimentation. 
Kwayisi et al. (2020) inferred that the BSU in Ghana could represent an ocean-continent 
transition (OCT) ophiolite (e.g. Manatschal and Nievergelt, 1997; Müntener and Hermann, 
2001; Desmurs et al., 2002) based on the lithological association of serpentinised peridotite, 
volcanic rocks, uncommon gabbro and marine sedimentary rocks. Similar rock association 
occurs in the Timétrine massif of the Pharusian belt, NE Mali and Novo Oriente Group in the 
Borborema Province, NE Brazil (Figs. 6.1a and b). These apparently contrasting geochemical 
signatures (continental versus oceanic) and geodynamic setting of the mafic volcanic and 
plutonic rocks of the BSU calls for a comprehensive evaluation of their field relations and 
geochemistry, including radiogenic isotope ratios.  
Thus far, reliable age data for the volcanic rocks appear to be nonexistent in the literature. For 
instance, Bozhko et al. (1971) published a crystallisation age of the volcanic rocks of ca. 624 
Ma (whole-rock K/Ar age). Affaton et al. (1997) reinterpreted the age at ca. 624 Ma to date 
extension-related metamorphism under prehnite-pumpellyite facies at 200 to 300 °C before 
Pan-African collision. However, the age of 624 Ma is within error with the 40Ar/39Ar isochron 
age of 623 ± 7 Ma for the groundmass of volcanic rocks of Boamah (2017), which he 
interpreted as their extrusion and cooling age. Furthermore, no age data have been obtained for 
the gabbros. Various studies have also found that the volcanic and plutonic rocks of the BSU 
are associated with two types of sedimentary rocks (Kalsbeek et al., 2008; Ganade de Araujo 
et al., 2016): stratigraphically lower passive margin sedimentary rocks (youngest detrital zircon 
U-Pb age at ca. 950 Ma) and stratigraphically higher active margin sedimentary rocks 
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(youngest detrital zircon U-Pb age at ca. 600 Ma; Kalsbeek et al., 2008; Ganade de Araujo et 
al., 2016).  
 
6.3. FIELD RELATIONS AND PETROGRAPHY 
6.3.1. Volcanic rocks 
The volcanic rocks of the BSU consist of massive and pillow lavas, agglomerate, lapillistone, 
hyaloclastite and volcanic breccia. In general, the lavas are fine-grained with both aphyric and 
phyric varieties, and some samples are vesicular. The vesicles are filled with secondary 
minerals including quartz, chlorite, and calcite. The pillows range in size from about 0.3 m to 
2 m and are younging either to the east or west (Fig. 6.3a and b). In places, thin veins (0.02 – 
0.05 m) of jasper and quartz cut the pillow lavas. The massive lavas (Fig. 6.3c) are 
volumetrically less abundant than the pillow lavas and the pyroclastic rocks of the BSU. At the 
contact with the sedimentary rocks of the BSU, the lavas appear schistose (Fig. 6.3d) and 
metamorphosed, with the development of epidote and chlorite. Based on their microscopic 
characteristics, the lavas can be categorised as porphyritic basalt, aphyric basalt, plagioclase-
phyric basaltic-andesite, and variolite. Two types of porphyritic basalt are observed, i.e. 
olivine-phyric and clinopyroxene-phyric basalts. The olivine-phyric basalts are fine-grained 
and composed of plagioclase, clinopyroxene, and opaque minerals with phenocrysts of 
dominant olivine and minor clinopyroxene (Fig. 6.4a). Plagioclase is subhedral to lathlike and 
zoned; olivine is subhedral and partially altered to chlorite. Clinopyroxene is relatively 
anhedral and partially altered to chlorite and epidote. Coarse amygdules of calcite, quartz and 
chlorite can be observed. Very few coarse crystals of plagioclase are present and these are 
cracked and, in some samples, zoned. The clinopyroxene-phyric basalts are characterised by 
phenocrysts of clinopyroxene and plagioclase that have undergone variable degrees of 
alteration (Fig. 6.4b). Alteration minerals include albite, sericite, epidote, chlorite, and opaque 
minerals (including ilmenite). Fine-grained plagioclase, pyroxene, and opaque minerals 
generally form the groundmass. Glomeroporphyritic textures of plagioclase and clinopyroxene, 
or pseudomorphs thereof, are rare (Figs. 6.4b and 6.4c). Quartz and calcite veins cut the rock. 
The aphyric basalts are fine-grained and consist of plagioclase and clinopyroxene, with a trace 
amount of opaque minerals (Fig. 6.4d). The minerals have undergone some alteration, with the 
development of chlorite and saussurite. A subtrachytic texture characterises the plagioclase-
phyric basaltic-andesite. This rock often occurs as large (1 – 3 m) enclaves within the olivine-
phyric and aphyric basalts. It is composed of medium- to coarse-grained, slightly altered 
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plagioclase and clinopyroxene, and secondary quartz crystals filling vesicles (Fig. 6.4e). This 
mineral assemblage is set in a fine-grained matrix of opaque minerals. The plagioclase is often 
zoned and partially altered to albite and sericite, with inclusions of opaque minerals. Alteration 
products of the clinopyroxene are chlorite and epidote. The variolite contains varioles 
composed of sericitised plagioclase, actinolite and opaque-altered pyroxene rimmed by quartz 
(Fig. 6.4f and 6.4g). Quartz and quartzo-feldspathic veins (Fig. 6.4h) cut the variolite. The lavas 
of the BSU contain mineral assemblages (albite, chlorite, epidote, actinolite) typical of 
greenschist facies conditions, although pseudomorphs of their primary minerals are well 
preserved (Fig. 6.4e, and 6.4f). The olivine-phyric basalt and plagioclase-phyric basaltic-
andesite were observed only in the south-western part (Nkonya and Kwamikrom areas) of the 
BSU; the clinopyroxene phyric, aphyric basalts, and variolite occur both in the north-central 
(Asukawkaw, Tintiano, Aburuburuwa and Bontibor areas), and south-western parts of study 
area of the BSU (Fig. 6.2). 
 
 
Figure 6.3: Pillow lavas with younging direction (a) to the west, (b) to the east, (c) massive 
lava with jasper veins and (d) schistose lava located about 100 m from the contact with the 




Figure 6.4: Photomicrographs (XPL) of (a) Olivine-phyric basalt (NTDK154) composed of 
fine-grained Ol, Pl and Cpx, (b) Clinopyroxene-phyric basalt (NTDK107) with phenocrysts of 
Cpx and Pl, (c) Glomeroporphyritic texture of Cpx and Pl in clinopyroxene-phyric basalt 
(NTDK158), (d) Basalt showing aphyric texture (NTDK194B), (e) Sub-trachytic texture of Pl 
in plagioclase phyric basaltic-andesite (NTDK93A), (f) Variolite composed of Qz, Pl and Act, 
(g) Variolite composed of altered Cpx (Opq) and Pl (Ser), (h) Quartz and quartzo-feldspathic 
veins cutting the variolate. Mineral abbreviations are after Whitney and Evans (2010). Note 
that samples numbers are provided for samples that were used for geochemical analysis. 
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The agglomerate contains rounded to subangular clasts (bombs), ranging in size from 7 to 20 
cm and few clasts of pillow lavas (15 to 30 cm in size), which are embedded in a fine- to a 
medium-grained matrix (Fig. 6.5a). Basalts make up the bombs, and the fine- to medium-
grained matrix contains lathlike microlites of plagioclase, clinopyroxene, and opaque minerals 
(Fig. 6.5b). The bombs and pillow lavas are amygdaloidal and have a modal composition 
comparable to the clinopyroxene-phyric basalt. The volcanic breccia consists of autobreccia, 
and pyroclastic breccia. Monomictic blocky and irregularly shaped clasts (30 to 150 cm) of 
lava that can be fused characterise the autobreccia (Fig. 6.5c). The pyroclastic breccia contains 
angular to subrounded clasts that are between 6 and 100 cm (Fig. 6.5d). The pyroclastic breccia 
contains coarse clasts of different rock types (chert, pillows, and limestone) set in a fine matrix 
composed of sericite and quartz (Fig. 6.5e). The lapillistone is composed of clasts ranging 
from 0.5 to about 3.5 cm (Fig. 6.5f). The lapillistone is at places overlain by massive lava (Fig. 
6.5f). The hyaloclastite contains shattered blocks of pillow lavas and altered glass-calcite 
matrix (Figs. 6.5g and 6.5h). The bulk of the pyroclastic rocks occur in the south-western part, 
with minor occurrence in the north-central part of the BSU. The pyroclastic rocks are in primary 
contacts with pillow lavas in the south-western part whereas agglomerates are interlayered with 
the pillow lavas and red shale (that contain volcanic clast) in the north-central part of the BSU. 
6.3.2. Mafic plutonic rocks 
Mafic plutonic rocks occur only in three localities (Asukawkaw, Tintiano and Bodada) within 
the BSU in Ghana (Fig. 6.2). Since they are mainly associated with the ultramafic rocks, and 
often not mappable on the 1-million scale geological map, they have been represented as a 
single unit with the same colour on the geological map (Fig. 6.2). The mafic plutonic rocks are 
massive to strongly schistose, marked by a shape-preferred orientation of epidote and chlorite.  
In general, the mafic plutonic rocks show a tectonic contact with the ultramafic rocks, chert, 
carbonate, and volcanic rocks. Nonetheless, at a few localities, there is an intrusive contact 
between the mafic plutonic and the volcanic rocks and the chert. The mafic plutonic rocks are 
structurally underlain by either the ultramafic rocks of the BSU or, in places, by the chert and 
carbonate, and are overlain by either the volcanic rocks or chert. The mafic plutonic rocks are 
mainly gabbro, composed of clinopyroxene and plagioclase. The gabbros contain secondary 
pyrite and calcite in some samples and have a mineral assemblage typical of greenschist facies 




Figure 6.5: (a) Agglomerate containing bombs of basaltic rocks, (b) Photomicrograph of 
agglomerate (XPL), (c) Autobreccia, (d) Pyroclastic breccia, (e) Photomicrograph (XPL) of 
clasts of chert, volcanic rock and carbonate and shards of altered glass in pyroclastic breccia, 
(f) Lapillistone overlain by massive lava, (g) Hyaloclastite with shattered pillows embedded in 
a calcite-glass matrix, (h) Photomicrograph of hyaloclastite (XPL). 
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The gabbro from Bodada (Fig. 6.2) is generally homogeneous and isotropic (Fig. 6.6a) and cut 
by chlorite and quartz-calcite veins. Predominantly, this gabbro contains plagioclase, 
clinopyroxene, and minor orthopyroxene and opaque minerals (Fig. 6.6b). These minerals have 
been replaced to a large extent by albite, chlorite, and epidote. On the other hand, the gabbro 
from Asukawkaw is schistose and dominantly composed of plagioclase, clinopyroxene, and 
subordinate orthopyroxene and magnetite (Figs. 6.6c and 6.6d). The plagioclase has been 
extensively altered to albite whereas chlorite and epidote commonly have replaced the 
pyroxenes. Gabbro at Tintiano (Fig. 6.2) shows a very weak schistosity and is composed of 
altered clinopyroxene and plagioclase (Fig. 6.6e and 6.6f). The alteration products are chlorite 
and epidote (after clinopyroxene), and sericite (after plagioclase).  
In a summary, the lavas in the north-central part of the BSU are pillow and massive lavas, 
which occur together with hyaloclastite, agglomerate, gabbro, serpentinite peridotite, chert and 
turbiditic shale with either tectonic or intrusive contacts. On the other hand, those at the south-
western part are mainly pillow lavas associated with agglomerate, pyroclastic breccia, 
autobreccia, chert and chert-carbonate interlayers with primary contacts.  
 
6.4. ANALYTICAL TECHNIQUES 
6.4.1 Mineral Chemistry   
The chemical compositions of selected minerals of the BSU mafic suite were analysed using 
the CAMECA SX100 Electron probe micro-analyser (EPMA) at the Spectrum Analytical 
Facility, University of Johannesburg, South Africa. A 20 kV accelerating voltage, 20 nA beam 
current, and 1 μm beam diameter were used to determine the major element concentration of 
selected silicate minerals (pyroxene and plagioclase) and oxides. Each element was measured 
at a counting time of 15 s at peak position and 5 s for the background. Natural and synthetic 
mineral standards were used for standardisation. The targets were generally analysed twice, 
and the data averaged. The major element concentrations for each mineral are given in Tables 
6.1 (plagioclase) and 6.2 (clinopyroxene).  
6.4.2 Major and trace element analyses  
Fresh and representative samples of the BSU lavas (20), and gabbros (7) were analysed for 
their whole-rock major and trace element concentrations at the Spectrum Analytical Facility, 
University of Johannesburg, South Africa. Samples were milled in an agate mill. The major 
element concentrations of the samples were analysed using the X-ray Fluorescence (XRF) 




Figure 6.6: (a) Massive gabbro at Bodada (Ti-poor gabbro; NTDK123B), (b) Photomicrograph 
(XPL) of massive gabbro, (c) Fe-Ti gabbro at Asukawkaw showing E-dipping schistosity 
(NTDK105A), (d) Photomicrograph (XPL) of the schistose gabbro, with slightly elongated 
minerals that are significantly altered, (e) Mg-gabbro observed along the Wawa River at 
Tintiano (NTDK87A), (f) Photomicrograph (XPL) of the Mg-gabbro, note the minerals are 
strongly altered, although pseudomorphs of Pl and Cpx are preserved. Mineral abbreviations 






Loss on ignition (LOI) was determined at 930°C on 1 g of dried (105°C) sample. For the major 
element analyses, 0.7 g ignited sample was mixed with 0.1 g lithium nitrate (LiNO3). Six grams 
of flux (lithium metaborate) was then added to the mixture and fused in a furnace at 1050°C 
for 30 mins.  The glass discs were then analysed with an XRF spectrometer (Philips Panalytical 
MagiX Pro) for the major element concentrations of the samples. Natural and synthetic samples 
were used for calibration. The detection limit of the elements was 0.05 mass percent. Precision 
and accuracy were better than 5% and 3%, respectively.  
For the trace elements analysis, approximately 0.1 g of powdered sample was digested with 2 
ml of 22.6 M hydrofluoric (HF) and 1 ml of 14 M nitric (HNO3) acids and allowed to dry at 
120° C. Aqua regia (3 ml of 9.5 M hydrochloric (HCl) and 1 ml HNO3 acids) was added to the 
residue and the solution was dried at 100° C for 24 hours. Afterwards, 1 ml of HNO3 was added 
and dried at 120° C. Lastly, a reverse aqua regia step was carried out: 3 ml of HNO3 and 1 ml 
of HCl were added and heated for 2 hours. This final solution was diluted in 15 ml of HNO3 
and analysed by Inductive Coupled Plasma-Mass Spectrometry (ICP-MS; Perkin Elmer 
NexION 300D). Results obtained were corrected for spectral interelement interferences and 
instrumental drift. Different amounts of primary standards BCR-2 (0.05 g, 0.10 g and 0.15 g) 
were digested and diluted together with the other samples and used for calibration of the trace 
element analyses. Precision and accuracy were on average better than 3% and 5% respectively 
(Appendix A).  
6.4.3 Nd-Hf isotopic systematics 
Nd and Hf isotopic compositions were determined using the multi-collector ICP-MS at the 
University of Johannesburg MC-ICP-MS laboratory. Nd and Hf fractions were separated using 
Eichron Ln Spec resin following the analytical procedures modified by Munker et al. (2001) in 
the Wits Isotope Geology Laboratory (WIGL) at the University of the Witwatersrand. 
Instrument stability during the period of analyses was evaluated using the Shin Etsu JNdi-1 
standard of 143Nd/144Nd = 0.512115 for measured 143Nd/144Nd ratios and the JMC-475 standard 
of 176Hf/177Hf = 0.282160 for measured 176Hf/177Hf ratios (Nowell et al., 1998). The measured 
values for the JNdi-1 and JMC-475 standards were 143Nd/144Nd = 0.512120 ± 0.000012 (2σ, n 
= 26) and 176Hf/177Hf = 0.282153 ± 0.000008 (2σ, n = 44). During the course of this analysis, 
basalt standards BCR-2 and BHVO-2 yielded 176Hf/177Hf ratios of 0.282903 ± 0.000028 (2σ, n 
= 2) and 0.283076 ± 0.000060 (2σ, n = 3) respectively.  
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Table 6.1: Major and minor element composition of plagioclase. 
Lavas            
Sample NTDK31 NTDK138 NTDK154 NTDK193A NTDK194B 
  A B A B A B A B C A B 







SiO2 51.28 56.44 66.12 65.51 67.80 67.33 67.84 68.07 67.99 55.40 52.70 
TiO2 0.12 0.03 0.01 0.00 0.03 0.00 0.00 0.00 0.01 0.09 0.14 
Al2O3 28.65 25.06 20.73 21.13 19.53 19.88 19.73 19.29 19.55 26.78 27.77 
FeO 0.95 2.12 0.47 0.18 0.51 0.33 0.04 0.06 0.03 0.84 1.14 
MnO 0.00 0.02 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.01 0.01 
MgO 0.20 1.11 0.16 0.00 0.00 0.00 0.01 0.01 0.00 0.06 0.12 
CaO 13.56 3.93 0.65 2.02 0.34 0.58 0.47 0.29 0.18 10.37 12.21 
Na2O 3.89 7.32 10.29 10.41 11.80 11.04 11.48 11.77 11.82 5.55 4.81 
K2O 0.14 1.32 0.70 0.10 0.03 0.03 0.15 0.07 0.06 0.24 0.23 
Total 98.78 97.36 99.12 99.35 100.03 99.21 99.72 99.59 99.65 99.35 99.12 
An 65.30 20.96 3.23 9.63 1.56 2.82 2.19 1.34 0.83 50.10 57.63 
Ab 33.90 70.65 92.62 89.80 98.27 97.01 96.97 98.28 98.84 48.52 41.08 
Or 0.80 8.38 4.15 0.57 0.16 0.17 0.83 0.38 0.33 1.38 1.29 
Si 2.36 2.58 2.93 2.90 2.96 2.98 2.97 2.98 2.98 2.52 2.41 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 1.56 1.35 1.08 1.10 1.00 1.04 1.02 1.00 1.01 1.43 1.50 
Fe+3 0.04 0.08 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.04 
Fe+2 0.00 0.00 0.02 0.01 0.00 0.01 0.00 0.00 0.00 0.02 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.01 0.08 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Ca 0.67 0.19 0.03 0.10 0.02 0.03 0.02 0.01 0.01 0.50 0.60 
Na 0.35 0.65 0.88 0.89 1.00 0.95 0.98 1.00 1.00 0.49 0.43 
K 0.01 0.08 0.04 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 
Note: The data presented are for the core of the minerals for both phenocryst and groundmass 
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Table 6.1: Continued. 
Gabbros       
Sample NTDK87A NTDK105B NTDK123A 
  A B C B C A 
SiO2 64.69 67.52 65.35 56.44 55.12 62.4 
TiO2 0.01 0 0 0.03 0.06 0.01 
Al2O3 19.31 19.49 19.55 25.06 25.62 22.98 
FeO 1.68 0.2 1.19 2.12 3.52 3.05 
MnO 0.03 0 0.03 0.02 0.01 0.05 
MgO 2.33 0.14 1.28 1.11 1.42 1.99 
CaO 0.43 0.03 0.09 3.93 2.33 0.07 
Na2O 10.76 11.55 11.42 7.32 8.09 9.17 
K2O 0.02 0.02 0.02 1.32 2.03 0.02 
Total 99.27 98.95 98.93 97.36 98.2 99.78 
An 2.16 0.14 0.43 20.96 12.02 0.42 
Ab 97.72 99.74 99.45 70.65 75.51 99.44 
Or 0.12 0.11 0.11 8.38 12.47 0.14 
Si 2.84 2.98 2.88 2.58 2.48 2.76 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 
Al 1.00 1.01 1.01 1.35 1.36 1.20 
Fe+3 0.06 0.01 0.04 0.08 0.13 0.03 
Fe+2 0.00 0.00 0.00 0.00 0.00 0.08 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.15 0.01 0.08 0.08 0.10 0.13 
Ca 0.02 0.00 0.00 0.19 0.11 0.00 
Na 0.92 0.99 0.97 0.65 0.71 0.79 




Table 6.2: Major and minor element composition of clinopyroxene. 
Lavas            
Sample NTDK31 NTDK138 NTDK154 NTDK193A NTDK194B 
  A B C A B C     A B C 
SiO2 50.84 50.71 50.21 47.86 47.49 46.16 46.00 47.58 47.97 46.20 48.33 
TiO2 1.10 1.05 1.21 2.32 2.45 2.77 2.99 2.17 2.07 2.68 1.92 
Al2O3 2.46 2.47 2.58 4.66 5.03 5.14 6.26 5.40 4.88 4.97 4.25 
Cr2O3 0.26 0.27 0.05 0.16 0.25 0.01 0.15 0.01 0.02 0.00 0.00 
FeO 7.21 7.34 8.86 8.24 8.21 12.08 9.72 10.38 9.12 11.88 11.68 
MnO 0.14 0.15 0.17 0.15 0.15 0.19 0.16 0.20 0.19 0.20 0.23 
MgO 16.07 16.03 15.78 13.54 13.56 11.22 12.44 13.83 14.09 12.56 12.61 
CaO 20.86 20.81 20.23 22.01 22.06 21.20 21.30 19.63 20.56 19.64 20.33 
Na2O 0.23 0.22 0.24 0.36 0.36 0.51 0.35 0.30 0.31 0.35 0.37 
K2O 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.00 
Total 99.17 99.07 99.33 99.33 99.59 99.30 99.38 99.54 99.22 98.52 99.75 
Wo 44.14 44.14 43.33 49.05 49.44 49.27 48.81 43.95 45.76 45.12 45.24 
En  47.32 47.30 47.03 41.98 42.28 36.28 39.66 43.08 43.63 40.15 39.05 
Fs 8.54 8.56 9.64 8.97 8.28 14.45 11.53 12.96 10.60 14.73 15.71 
Mg# 81.54 81.23 77.92 76.50 76.59 64.79 71.72 72.53 75.38 67.69 68.14 
Si 1.89 1.89 1.87 1.79 1.78 1.76 1.73 1.78 1.80 1.77 1.82 
Ti 0.03 0.03 0.03 0.07 0.07 0.08 0.08 0.06 0.06 0.08 0.05 
Al 0.11 0.11 0.11 0.21 0.22 0.23 0.28 0.24 0.22 0.22 0.19 
Fe+3 0.06 0.07 0.10 0.10 0.11 0.13 0.10 0.09 0.09 0.12 0.08 
Cr+3 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Fe+2 0.16 0.16 0.18 0.16 0.15 0.25 0.20 0.23 0.19 0.26 0.29 
Mn 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 
Mg 0.89 0.89 0.88 0.76 0.76 0.64 0.70 0.77 0.79 0.72 0.71 
Ca 0.83 0.83 0.81 0.88 0.88 0.87 0.86 0.79 0.83 0.80 0.82 
Na 0.02 0.02 0.02 0.03 0.03 0.04 0.03 0.02 0.02 0.03 0.03 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ca+Na 0.85 0.85 0.82 0.91 0.91 0.90 0.89 0.81 0.85 0.83 0.85 
Ti+Cr 0.04 0.04 0.04 0.07 0.08 0.08 0.09 0.06 0.06 0.08 0.05 




Table 6.2: Continued. 
Gabbros            
Sample NTDK87A NTDK105B NTDK120 NTDK123A 
  A B C A B C A C A B C 
SiO2 51.76 51.03 51.54 51.2 48.9 47.83 49.81 49.99 50.67 50.44 50.87 
TiO2 0.13 0.15 0.1 0.12 0.46 0.4 0.76 0.88 0.78 0.73 0.73 
Al2O3 1.62 2.33 2.56 2.31 2.04 2.96 2.53 2.68 2.23 2.24 2.32 
Cr2O3 0.5 0.65 0.74 0.49 0 0 0.02 0.02 0 0 0.01 
FeO 4.23 5.24 4.33 4.52 16.46 16.62 9.7 9.4 11.03 11.07 11.24 
MnO 0.11 0.1 0.08 0.09 0.37 0.34 0.24 0.23 0.29 0.28 0.27 
MgO 17.06 17.12 17.58 17.83 10.39 10.85 14.13 14.19 12.71 12.65 12.64 
CaO 22.63 21.23 21.67 21.21 19.96 19.05 20.97 20.94 21.65 21.67 21.12 
Na2O 0.18 0.3 0.22 0.25 0.28 0.26 0.35 0.32 0.35 0.32 0.38 
K2O 0.01 0 0 0 0 0 0.01 0 0 0 0.01 
Total 98.25 98.18 98.88 98.06 98.85 98.31 98.53 98.68 99.73 99.41 99.62 
Wo 47.50 45.59 45.80 45.23 44.70 43.58 46.05 45.59 46.72 46.90 45.54 
En  49.83 51.15 51.70 52.90 32.37 34.54 43.17 42.98 38.16 38.09 37.92 
Fs 2.67 3.26 2.50 1.87 22.93 21.88 10.79 11.43 15.12 15.02 16.54 
Mg# 88.94 86.70 89.01 88.72 55.74 56.56 74.40 75.07 69.68 69.51 69.17 
Si 1.92 1.89 1.90 1.90 1.90 1.86 1.88 1.88 1.91 1.91 1.92 
Ti 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.02 0.02 0.02 0.02 
Al 0.07 0.10 0.11 0.10 0.09 0.14 0.11 0.12 0.10 0.10 0.10 
Fe+3 0.08 0.10 0.09 0.11 0.11 0.14 0.11 0.08 0.06 0.07 0.04 
Cr+3 0.01 0.02 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe+2 0.05 0.06 0.05 0.03 0.43 0.40 0.20 0.21 0.28 0.28 0.31 
Mn 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Mg 0.94 0.95 0.96 0.98 0.60 0.63 0.80 0.80 0.71 0.71 0.71 
Ca 0.90 0.84 0.85 0.84 0.83 0.79 0.85 0.85 0.87 0.88 0.85 
Na 0.01 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.03 0.02 0.03 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ca+Na 0.91 0.87 0.87 0.86 0.85 0.81 0.87 0.87 0.90 0.90 0.88 
Ti+Cr 0.02 0.02 0.02 0.02 0.01 0.01 0.02 0.03 0.02 0.02 0.02 
Ti/Al 0.05 0.04 0.02 0.03 0.14 0.09 0.19 0.21 0.22 0.21 0.20 
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For the Nd analysis, BCR-2, and BHVO-2 respectively yielded 143Nd/144Nd ratios of 0.512649 
± 0.000051 (2σ, n = 1) and 0.512990 ± 0.000022 (2σ, n = 2). The values are well within the 
range of previously published Hf and Nd isotopic ratios for BCR-2 and BHVO-2 
(http://georem.mpch-mainz.gwdg.de/). For Hf isotope, a decay constant of 1.867 x 10-11 
(Söderlund et al., 2004), depleted mantle values of 176Hf/177Hf = 0.28325 and 176Lu/177Hf = 
0.0388 (Griffin et al., 2004), and CHUR parameters 176Lu/177Hf = 0.0336, 176Hf/177Hf = 
0.282785 of Bouvier et al. (2008) were used. For Nd isotope, a decay constant of 6.54 x 10-12 
(Hamilton et al., 1978), depleted mantle values of 143Nd/144Nd = 0.51315 and 147Sm/144Nd = 
0.2137 (Goldstein and Jacobsen, 1988), and CHUR parameters 147Sm/144Nd = 0.1960, 
143Nd/144Nd = 0.512630 of Bouvier et al. (2008) were used. 
 
6.5. RESULTS 
6.5.1. Mineral chemistry 
6.5.1.1. Volcanic rocks 
Eleven analyses of plagioclase from five samples of the BSU lavas show a wide range in 
composition (Table 6.1), with the anorthite content of the plagioclase varying from An65 to An1. 
Plagioclase in the aphyric basalts is mainly labradorite with anorthite content of An57-50. Those 
of the clinopyroxene-phyric basalt range from labradorite to albite with An65-3 anorthite 
content. Albite is dominant in the plagioclase-phyric basaltic-andesite (An2-1), and olivine-
phyric basalt (An3-2), likely reflecting alteration. Clinopyroxene from five lava samples is 
characterised by Mg# (= [Mg/(Mg+Fe2+)] *100%) of 65– 82. The clinopyroxenes are augite - 
diopside with Wo49-43-En47-36-Fs14-8 (Table 6.2; Fig. 6.7a) and contain minor Al2O3 (2.1 to 5.5 
wt. %), Cr2O3 (0.00 to 0.27 wt. %) and TiO2 (1.1 to 3.0 wt. %). In the alkalinity and geotectonic 
discrimination diagrams of Leterrier et al. (1982) and Beccaluva et al. (1989) respectively, the 
Ti, Si, Ca, and Na concentrations of the clinopyroxene indicate a predominant alkaline affinity 
for the host BSU lavas, which plot in a MORB- and OIB-type settings (Fig. 6.7b and 6.7c).  
6.5.1.2. Mafic plutonic rocks 
Plagioclase in four BSU gabbro samples has CaO (0.03 – 3.93 wt. %), Na2O (7.3 – 11.6 wt. %) 
and K2O (0.02 – 2.03 wt. %) contents similar to the lavas (Table 6.1). The plagioclase varies 
in anorthite content ranging from An30 to An0 mainly albite and oligoclase. Clinopyroxene in 
the gabbro samples has variable composition of Mg# (56 – 89), Al2O3 (1.6 – 2.9 wt. %), CaO 
(19.1 – 22.6 wt. %), Cr2O3 (0.0 – 0.7 wt. %) and TiO2 (0.1 – 0.9 wt. %) contents (Table 6.2). 
Pyroxenes are mainly augite and diopside in composition, composed of Wo48-44-En53-32-Fs23-2 
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(Fig. 6.7a). The gabbro samples are sub-alkaline, all plot in or near to the IAT fields, which 
however overlaps with the MORB field (Figs. 6.7b and 6.7c).  
 
 
Figure 6.7: (a) Composition of clinopyroxene from the BSU Lavas and gabbros on Lindsley’s 
(1983) quadrilateral diagram. (b) Ti versus Ca+Na diagram (after Leterrier et al., 1982), and 
(c) SiO2/100-TiO2-Na2O geotectonic discrimination diagram of clinopyroxene composition 
from the BSU lavas and gabbros showing (Mid-ocean-ridge basalt (MORB) affinity for the 
lavas with all the gabbros plotting in or near to the Island arc tholeiite (IAT) fields (after 




6.5.2. Bulk-rock major and trace elements  
6.5.2.1. Volcanic rocks 
The whole-rock major and trace element concentrations of the BSU lavas are presented in 
Table 6.3. Alkalis (Na and K) are mobile during alteration and metamorphism; therefore, 
immobile trace element ratios (Fig. 6.8) were used to assess the alkalinity of the lavas. On 
Figure 6.8, two types of lavas can be distinguished: Type I and Type II lavas. The Type I and 
Type II lavas have Nb/Y and Zr/Ti values that are comparable to compositions typical of 
subalkaline and alkaline basalts respectively (Fig. 6.8). These two lava types display 
differences in their major oxide compositions (normalised to 100% on a volatile-free basis). 
For example, Type I lavas on average have higher contents of SiO2, Al2O3, and MgO, and 
lower contents of TiO2, Fe2O3t, K2O, and P2O5 than the Type II lavas. For Type I lavas, the 
Mg# shows a limited range from 52 to 63, whereas Type II lavas show a wide variation in their 
Mg# between 36 and 58. Overall, Type I lavas have higher Mg# than Type II lavas. The 
clinopyroxenes on Figure 6.7 that classify as alkaline are all found in Type II lavas. 
The Type I lavas can further be subgrouped based on their rare earth elements (REE) and 
incompatible trace element patterns (Fig. 6.9). Samples from the first subgroup (Type Ia) are 
depleted in the light rare earth elements (LREE) relative to their heavy rare earth element 
(HREE) contents, similar to lavas derived from a depleted mantle source such as Normal Mid-
ocean-ridge basalt (N-MORB), with low (La/Yb)N = 0.4 – 0.9 values and no noticeable Eu 
anomaly (Eu/Eu* = [Eu/√(Sm*Gd)] = 0.9 – 1.0; Fig. 6.9a and Table 6.3). Type Ia lavas exhibit 
primitive mantle-normalised incompatible trace element patterns with nearly flat trends and a 
positive Nb anomaly, and a very weak negative Ti anomaly (Fig. 6.9b). The trace element 
patterns are akin to typical N-MORB. The second subgroup (Type Ib) shows nearly flat 
chondrite-normalised REE patterns, which resemble that of Enriched Mid-ocean-ridge basalt 
(E-MORB; Fig. 6.9c). Type Ib lavas have (La/Yb)N values of 1.0 – 1.7 and Eu/Eu* of 0.9 – 1.1 
(Table 6.3). They show primitive mantle-normalised incompatible trace element patterns that 
mimic E-MORB (Fig. 6.9d). REE patterns for the Type II lavas are characterised by the 
enrichment of LREE relative to HREE ((La/Yb)N = 6.9 – 8.5; Fig. 6.9e and Table 6.3), which 
resemble rocks from enriched mantle sources such as Ocean Island Basalts (OIB) or oceanic 
plateau/seamount (group together here as OIB-type, after Hofmann, 2014). These lavas display 
very weak positive Eu anomalies (Eu/Eu* = 1.0 - 1.1; Fig. 6.9e and Table 6.3).  
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Table 6.3: Whole-rock major and trace element compositions for the BSU lavas and gabbros. 
Lavas                     








































 Aphyric basalt Cpx-phyric basalt Aphyric basalt Cpx-phyric basalt Cpx-phyric basalt Ol-phyric basalt Cpx-phyric basalt 
Plg-phyric 
basaltic- 
andesite Aphyric basalt 
Latitude 
(N) 8.18618 7.67636 7.69405 7.69441 7.94714 7.68741 7.66413 7.71550 7.69394 7.69478 7.39823 7.34443 7.33630 7.14100 7.34306 7.35600 7.12632 7.11524 7.12151 7.11453 
Longitude 
(E) 0.51862 0.48936 0.39920 0.40021 0.46131 0.48708 0.48679 0.48406 0.39878 0.40104 0.43478 0.27784 0.28674 0.26610 0.28232 0.28110 0.26452 0.27612 0.26434 0.31844 
SiO2 50.57 47.96 52.75 51.92 43.89 46.54 48.89 48.83 48.74 48.80 45.31 42.86 38.98 43.38 45.21 45.55 52.56 48.31 47.54 40.76 
TiO2 0.74 0.99 0.97 1.22 1.70 0.92 1.06 1.09 1.12 1.27 3.47 2.87 1.70 2.38 3.40 4.05 2.17 3.64 2.60 4.56 
Al2O3 13.80 15.01 16.23 16.50 11.00 14.30 15.57 14.80 12.64 14.39 15.61 13.65 8.29 13.61 15.50 13.11 17.53 12.76 12.13 13.66 
Fe2O3t 9.43 8.45 7.50 9.03 17.94 8.64 9.60 7.65 11.82 9.46 12.18 14.58 11.00 13.01 12.39 14.75 8.31 13.15 11.09 14.74 
MnO 0.17 0.16 0.13 0.18 0.28 0.14 0.15 0.14 0.19 0.15 0.14 0.18 0.18 0.18 0.14 0.19 0.12 0.17 0.20 0.17 
MgO 7.79 6.60 5.69 7.67 10.12 6.33 5.29 6.06 6.85 7.23 5.38 6.00 7.75 6.91 5.46 5.18 2.39 4.98 6.55 4.76 
CaO 10.02 10.64 8.88 7.95 11.21 10.90 12.96 10.64 8.63 13.42 9.87 12.28 15.04 10.77 9.44 9.10 6.76 10.18 11.65 9.01 
Na2O 3.84 3.45 3.15 3.43 1.10 3.22 3.27 2.79 3.44 0.07 3.09 2.28 0.76 2.35 3.08 2.92 3.88 4.09 1.54 2.12 
K2O 0.12 0.00 0.05 0.17 0.08 0.00 0.00 0.47 0.20 0.07 1.33 0.34 0.29 0.27 1.61 0.36 1.72 0.23 0.20 1.37 
P2O5 0.06 0.08 0.08 0.11 0.19 0.08 0.10 0.10 0.13 0.13 0.35 0.38 0.24 0.27 0.36 0.33 0.32 0.51 0.35 0.43 
LOI 3.33 6.18 4.64 2.02 2.46 8.82 3.10 6.77 5.53 4.96 3.05 4.12 14.87 6.92 3.47 3.92 3.34 1.78 5.97 6.86 
Total 99.96 99.69 100.06 100.30 100.02 99.98 100.06 99.55 99.40 100.07 99.94 99.76 99.20 100.19 100.23 99.85 99.30 99.80 99.82 99.19 
Mg# 62 61 60 63 53 59 52 61 53 60 47 45 58 51 47 41 36 43 54 39 
Sc  37.2 34.2 36.4 39.8 28.9 38.8 33.8 36.8 36.6 34.7 32.3 29.9 23.3 25.3 34 34.9 25.4 12.6 26.1 32.7 
Cr  164 561 210 213 134 579 534 416 114.1 415 85.3 464 533 31.3 110 41.5 66.2 57 354 83.3 
Co  47.6 42.7 35.9 44.4 57.2 43 50.1 48.4 50.7 42.4 42.5 62.8 62.8 46.7 44.2 51 31.8 18.5 48.5 53.9 
Ni  85.3 135 55.2 85.2 103 156 173 151 74.1 115 52.8 242 414 41.4 54.7 33.5 46.1 14.5 299 67.6 
Cs  0.23 < 0.09 < 0.09 < 0.09 < 0.09 0.09 0.04 0.1 0.39 < 0.09 0.14 < 0.09 < 0.09 0.17 < 0.09 < 0.09 < 0.09 < 0.09 < 0.09 < 0.09 
Rb 2.07 0.83 1.85 3.12 2.35 0.49 0.23 7.63 7.95 1.61 16.6 3.23 5.77 17.4 23.2 3.96 17.1 2.23 1.36 2.16 
Ba  39.6 28.9 20.7 23.8 25.5 57.8 72.5 109 41 18 289 116.1 48.5 379 239.3 150.7 156.3 651.5 80.7 102.5 
Th 0.09 0.13 0.18 0.18 0.48 0.24 0.35 0.47 0.61 0.36 1.93 2.15 1.23 1.88 2.06 2.29 2.44 1.33 1.58 1.24 
U 0.09 < 0.09 0.30 0.09 0.10 0.11 0.18 0.09 0.43 < 0.09 0.67 0.37 0.31 < 0.09 0.49 0.30 < 0.09 < 0.09 < 0.09 <0.09 
Nb 1.28 2.73 3.38 3.20 9.03 4.26 6.00 6.93 10.6 6.94 33.3 34.3 20.3 38.3 33.9 36.3 47.6 24.9 28.7 25.2 
La 1.22 2.24 2.36 2.85 7.28 3.28 4.65 4.97 4.73 6.54 20.1 21.6 14.3 21.1 21.1 22.2 26.9 15.4 16.9 15.1 
Ce 3.83 6.54 7.40 9.00 19.1 8.36 11.2 11.7 11.9 14.1 47.4 50.9 33.5 51.1 49.5 52.9 64.0 36.6 39.5 36.9 
Pr 0.70 1.12 1.20 1.50 2.92 1.35 1.62 1.70 1.70 1.90 6.30 6.90 4.40 6.90 6.60 7.10 8.30 5.00 5.30 5.00 
Sr 63 43 48 67 114 49 75 146 54 43 574 483 174 600 541 585 547 800 429 457 
Nd 4.17 6.29 6.87 8.77 14.6 6.91 8.24 8.29 8.99 9.95 28.3 29.9 19.7 31.2 30.3 31.8 36.4 21.9 23.7 22.6 
Sm 1.58 2.26 2.39 2.98 4.25 2.30 2.52 2.56 2.84 2.95 6.69 6.83 4.31 7.26 7.07 7.65 8.03 4.82 5.68 5.35 
Zr 32.8 58.8 64.9 93.1 81.8 54.0 56.9 83.8 96.9 103 304 324 187 329 314 347 410 218 247 242 
Hf 0.81 1.20 1.45 1.88 2.42 1.22 1.39 1.73 2.28 2.03 5.12 5.26 3.06 5.28 5.28 5.76 6.39 3.44 4.24 4.03 
Table 6.3: Continued. 
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andesite Aphyric basalt 
Latitude 8.18618 7.67636 7.69405 7.69441 7.94714 7.68741 7.66413 7.71550 7.69394 7.69478 7.39823 7.34443 7.33630 7.14100 7.34306 7.35600 7.12632 7.11524 7.12151 7.11453 
Longitude 0.51862 0.48936 0.39920 0.40021 0.46131 0.48708 0.48679 0.48406 0.39878 0.40104 0.43478 0.27784 0.28674 0.26610 0.28232 0.28110 0.26452 0.27612 0.26434 0.31844 
Eu 0.60 0.82 0.95 1.09 1.43 0.80 0.90 0.96 1.08 1.15 2.28 2.30 1.41 2.47 2.36 2.44 2.74 1.77 2.01 1.82 
Gd 2.45 3.16 3.18 4.01 5.61 3.19 3.39 3.45 3.89 3.89 6.42 6.64 4.16 6.90 6.86 7.27 7.98 4.73 5.76 5.27 
Tb 0.46 0.57 0.52 0.67 0.93 0.58 0.60 0.60 0.65 0.65 0.89 0.94 0.57 0.94 0.95 1.03 1.13 0.64 0.82 0.75 
Dy 3.07 3.83 3.48 4.59 6.13 3.87 3.94 3.87 4.38 4.41 4.79 5.15 3.07 5.29 5.22 5.77 6.15 3.42 4.56 4.14 
Y 17.8 20.5 19.5 26.4 34.7 23.0 19.9 22.1 25.5 25.6 22.8 25.0 15.8 24.6 24.7 29.4 27.6 17.4 22.5 17.7 
Ho 0.69 0.85 0.70 0.94 1.35 0.85 0.86 0.87 0.94 0.92 0.87 0.91 0.55 0.94 0.93 1.09 1.11 0.61 0.79 0.74 
Er 2.10 2.50 2.15 2.92 3.87 2.58 2.55 2.54 2.71 2.82 2.34 2.46 1.50 2.50 2.49 2.99 2.95 1.69 2.15 2.03 
Yb 2.00 2.36 1.80 2.72 3.55 2.41 2.39 2.41 2.58 2.62 1.80 1.87 1.18 1.95 1.93 2.32 2.24 1.26 1.63 1.53 
Lu 0.31 0.35 0.21 0.32 0.51 0.38 0.36 0.38 0.32 0.32 0.18 0.21 0.10 0.22 0.21 0.26 0.26 0.12 0.16 0.16 
(Gd/Yb)N 1.00 1.09 1.44 1.20 1.29 1.08 1.16 1.17 1.23 1.21 2.91 2.90 2.87 2.89 2.90 2.56 2.90 3.06 2.88 2.81 
(La/Yb)N 0.43 0.66 0.92 0.73 1.43 0.95 1.36 1.44 1.28 1.74 7.80 8.07 8.47 7.56 7.64 6.69 8.39 8.54 7.25 6.90 
Eu/Eu* 0.92 0.93 1.04 0.96 0.89 0.89 0.93 0.98 0.98 1.03 1.05 1.03 1.01 1.06 1.03 0.99 1.04 1.12 1.06 1.04 
(Sm/Yb)N 0.87 1.05 1.46 1.20 1.31 1.05 1.16 1.17 1.21 1.24 4.08 4.01 4.01 4.09 4.02 3.62 3.94 4.20 3.83 3.84 
(La/Sm)N 0.49 0.63 0.63 0.61 1.09 0.91 1.17 1.24 1.06 1.41 1.91 2.01 2.11 1.85 1.90 1.85 2.13 2.03 1.89 1.80 




Table 6.3: Continued. 
Gabbro        
Sample Id NTDK87A NTDK87B NTDK103A NTDK105B NTDK120 DKNT123A NTDK123B 
 Location Tintiano Asukawkaw Bodada 
Latitude 7.67924 7.68894 7.69408 7.68212 7.36587 7.36358 7.36076 
Longitude 0.48553 0.48012 0.39843 0.39820 0.50915 0.50944 0.51183 
SiO2 47.30 50.16 51.25 39.73 49.86 50.93 50.65 
TiO2 0.68 0.19 3.86 7.72 0.35 0.30 0.25 
Al2O3 14.64 16.41 7.95 11.16 14.74 14.04 15.93 
Fe2O3t 9.40 5.44 17.57 23.03 7.53 10.19 8.80 
MnO 0.17 0.14 0.20 0.30 0.16 0.19 0.17 
MgO 13.81 10.45 5.21 6.21 9.16 7.59 6.75 
CaO 6.95 9.36 5.19 5.39 13.34 11.59 11.33 
Na2O 2.77 3.65 0.93 3.07 2.05 2.42 2.91 
K2O 0.32 0.17 0.05 0.17 0.05 0.24 0.49 
P2O5 0.07 0.04 0.00 0.00 0.00 0.00 0.00 
LOI 4.02 3.46 7.18 2.9 2.63 3.02 2.85 
Total 100.24 99.55 99.70 100.16 99.87 100.51 100.14 
Mg# 74 79 37 35 71 60 60 
Sc  30.5 30 42.6 65.5 45.8 46.4 43.7 
Cr  784 900 24.1 12.4 59.6 37.1 33.6 
Co  51.6 29.8 49.6 82.6 42.1 57.6 49.7 
Ni  315 177 94.1 16 133 81.3 51.9 
Cs 0.15 < 0.09 1.12 0.86 < 0.09 0.12 0.31 
Rb 4.39 2.2 0.44 4.23 0.4 7.57 23.9 
Ba 23.7 14.2 15.7 18.7 9.8 36.4 62.1 
Th 0.3 < 0.09 < 0.09 0.03 < 0.09 < 0.09 < 0.09 
U < 0.09 < 0.09 < 0.09 0.31 0.47 0.52 0.57 
Nb 4.76 0.62 4.72 13 0.79 0.39 0.33 
La 2.72 0.68 0.9 0.53 0.4 0.16 0.11 
Ce 6.16 1.55 2.70 1.82 1.30 0.50 0.40 
Pr 0.88 0.23 0.48 0.4 0.2 0.1 0 
Sr 37.9 26.8 31.4 38.3 117 94 137 
Nd 4.46 1.23 2.72 2.55 1.65 0.93 0.76 
Sm 1.53 0.45 1.16 1.26 0.82 0.56 0.45 
Zr 39.7 8.7 54.1 53.8 13.5 7.4 5.2 
Hf 0.8 0.1 0.78 1.04 0.39 0.28 0.24 
Eu 0.54 0.21 0.7 0.73 0.47 0.41 0.41 
Gd 2.1 0.69 1.62 2.05 1.23 0.97 0.78 
Tb 0.39 0.13 0.3 0.4 0.23 0.17 0.14 
Dy 2.69 0.89 1.93 2.85 1.63 1.37 1.16 
Y 15.7 5.57 9.85 15.5 9.89 8.11 7.35 
Ho 0.61 0.22 0.43 0.63 0.35 0.29 0.23 
Er 1.89 0.62 1.21 1.9 1.14 0.99 0.81 
Yb 1.77 0.64 1.42 1.91 1.05 0.94 0.83 
Lu 0.28 0.1 0.23 0.3 0.1 0.09 0.06 
(Gd/Yb)N 0.97 0.88 0.93 0.88 0.96 0.84 0.77 
(La/Yb)N 1.07 0.74 0.44 0.19 0.27 0.12 0.09 
Eu/Eu* 0.91 1.14 1.55 1.38 1.42 1.69 2.10 
(Sm/Yb)N 0.95 0.77 0.90 0.72 0.86 0.65 0.60 
(La/Sm)N 1.13 0.96 0.49 0.27 0.31 0.18 0.16 





Figure 6.8: Zr/Ti vs Nb/Y after Pearce (1996) for the BSU lavas.  
 
The Type II lavas display a downward sloping trend where the LREE are slightly enriched 
compared to the HREE and high field strength elements (HFSE; Fig. 6.9f). Positive Nb, Zr, 
and Ti anomalies characterise the Type II lavas (Fig. 6.9f).   
The distribution of these lavas types is geographically controlled. Whereas the MORB-type 
(N-MORB and E-MORB, Types 1a and 1b, respectively) occurs in the north-central part of the 
BSU, the alkaline, OIB-type (Type II) outcrops in the south-western part of the BSU (Fig. 6.2). 
The olivine-phyric basalt and the plagioclase-phyric basaltic-andesite are exclusive to Type II 
lavas, but both types of lavas comprise aphyric and clinopyroxene-phyric basalts.  
6.5.2.2. Mafic plutonic rocks 
The major oxide contents of the gabbros show great variation (Table 6.3). The gabbro from 
Tintiano has the highest MgO content whereas TiO2 and Fe2O3t are high in the Asukawkaw 
gabbro and TiO2 is low in the Bodada gabbro (Table 6.3). Hence the gabbros from the BSU 
can be geochemically classified as Mg-gabbro (from Tintiano), Fe-Ti-gabbro (from 
Asukawkaw) and Ti-poor gabbro (from Bodada) (after Desmurs et al., 2002; Peng et al., 2013 
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and references therein). The gabbros have Mg# ranging from 35 to 79. Gabbro from Tintiano 
has the highest Mg# (74 – 79), followed by Bodada gabbro (Mg# = 60 – 71) and then the 
Asukawkaw gabbro (Mg# = 35 – 37).  
 
Figure 6.9: Chondrite-normalised REE and Primitive mantle-normalised diagrams for the 
BSU lavas. Chondrite and primitive normalizing values from Palme and O’Neil (2014), N-
MORB and E-MORB values from Gale et al. (2013), and OIB values from Sun and 
McDonough (1989). The BSU data is compared to the data from the MORB-type HP rocks of 
the Pharusian suture zone (PSZ). PSZ data from Attoh and Morgan (2004), Agbossoumondé 
et al. (2017), and Guillot et al. (2019).  
 
The gabbros are LREE depleted compared to the HREE ((La/Yb)N = 0.1 - 1.1), with a mostly 
positive Eu anomaly (Eu/Eu* = 0.9 – 2.1; Fig. 6.10a). Their incompatible trace element pattern 
shows depletion of the LILE and relative enrichment of the HFSE (Fig. 6.10b). The gabbros 
display a positive Nb anomaly with both positive and negative Ti anomalies (Fig. 6.10b). The 
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trace elements patterns of the gabbro are akin to N-MORB, however, with lower elemental 
concentrations relative to N-MORB.  
 
 
Figure 6.10: Chondrite-normalised REE and Primitive mantle-normalised diagrams for the 
BSU gabbros. Chondrite and primitive mantle normalising values from Palme and O’Neil 
(2014), N-MORB and E-MORB values from Gale et al. (2013), and OIB values from Sun and 
McDonough (1989). PSZ data from Attoh and Morgan (2004), Agbossoumondé et al. (2017), 
and Guillot et al. (2019). 
 
6.5.3. Nd-Hf isotopes 
Table 6.4 presents the Sm-Nd and Lu-Hf isotope data for selected samples of the BSU lavas 
and gabbros. Initial Nd-Hf isotopic ratios were calculated at 800 Ma, which marks the onset of 
plate convergence during the Pan-African orogeny in the Dahomeyide belt and therefore 
implying the existence of the Pharusian oceanic lithosphere at this time, along the eastern 
margin of the WAC (Caby et al., 1981; Attoh and Schmidt, 2005; Agbossoumondé et al., 2017). 
The initial 143Nd/144Nd isotopic ratios of Type I and Type II lavas are indistinguishable (Table 
6.4). The only difference is that Type I lavas have a more limited range of (143Nd/144Nd)800Ma 
ratios (0.51188 – 0.51191) than the Type II lavas with (143Nd/144Nd)800Ma ratios of 0.51181 – 
0.51193 (Table 6.4).  εNd800Ma values range from +5.3 to +6.2 for Type I lavas and from +4.0 
to +6.3 for Type II lavas. The εNd800Ma values for the BSU lavas are generally lower than 
depleted mantle (DM) value (Fig. 6.11a: εNd800Ma = 8.3, calculated using (
143Nd/144Nd)DM = 
0.2136 and (147Sm/144Nd)DM = 0.513151 ratios from Goldstein and Jacobsen, 1988). The Type 
I lavas have higher initial (176Hf/177Hf)800Ma ratios than the Type II lavas (Table 6.4), and thus 




Table 6.4: Whole-rock Nd and Hf isotopic composition of the BSU lavas and gabbros. 










Type Ia          
NTDK88 2.19 6.09 0.1978 0.0002 0.512963 0.000014 0.511925 6.2 1.8 
NTDK107 2.52 7.50 0.2034 0.0004 0.512946 0.000020 0.511880 5.3 3.0 
Type Ib          
NTDK86 2.63 8.51 0.1867 0.0002 0.512867 0.000013 0.511888 5.5 1.6 
NTDK106 2.96 9.32 0.1923 0.0002 0.512921 0.000013 0.511912 6.0 1.6 
Type II          
NTDK138 6.93 30.13 0.1390 0.0001 0.512543 0.000008 0.511814 4.0 1.2 
NTDK154 4.31 19.53 0.1333 0.0002 0.512631 0.000015 0.511931 6.3 1.0 
NTDK158 7.32 31.79 0.1392 0.00005 0.512593 0.000021 0.511862 5.0 1.1 
NTDK161 7.23 32.03 0.1365 0.00004 0.512616 0.000023 0.511900 5.7 1.1 










Type Ia          
NTDK88 0.37 1.62 0.0327 0.0002 0.283088 0.000008 0.282596 11.2 1.5 
NTDK107 0.32 1.68 0.0265 0.0001 0.283162 0.000007 0.282764 17.2 - 
Type Ib          
NTDK86 0.37 1.91 0.0270 0.0001 0.283001 0.000008 0.282594 11.1 1.2 
NTDK106 0.40 1.93 0.0294 0.0002 0.283149 0.000008 0.282707 15.2 0.6 
Type II          
NTDK138 0.28 5.45 0.0072 0.00002 0.282476 0.000005 0.282369 3.2 1.3 
NTDK154 0.18 3.18 0.0082 0.00003 0.282547 0.000007 0.282424 5.1 1.2 
NTDK158 0.29 4.99 0.0082 0.00003 0.282517 0.000003 0.282393 4.0 1.3 
NTDK161 0.29 4.90 0.0083 0.00002 0.282512 0.000003 0.282388 3.8 1.3 
          










NTDK87A 2.44 7.35 0.2004 0.0002 0.513027 0.000008 0.511976 7.2 1.4 
NTDK87B 0.80 2.17 0.2236 0.0006 0.513097 0.000024 0.511924 6.2 - 
NTDK105A 1.14 2.75 0.2518 0.0003 0.513296 0.000017 0.511975 7.2 - 
NTDK105B 1.37 2.80 0.2950 0.0003 0.513511 0.000010 0.511963 7.0 - 
NTDK120 0.81 1.75 0.2785 0.0004 0.513389 0.000017 0.511928 6.3 - 
NTDK123A 0.61 1.12 0.3285 0.0004 0.513559 0.000013 0.511836 4.5 - 










NTDK105A 0.25 0.87 0.0410 0.0003 0.283274 0.000006 0.282656 13.3 - 
NTDK105B 0.33 1.05 0.0438 0.0003 0.283234 0.000010 0.282575 10.5 -  
Initial Nd-Hf isotopic ratios were calculated at 800 Ma. For Hf isotope a decay constant of 
1.867 x 10-11 (Söderlund et al., 2004), depleted mantle values of 176Hf/177Hf = 0.28325 and 
176Lu/177Hf = 0.0388 (Griffin et al., 2004), and CHUR parameters 176Lu/177Hf = 0.0336, 
176Hf/177Hf = 0.282785 of Bouvier et al. (2008). For Nd isotope, a decay constant of 6.54 x 10-
12 (Hamilton et al., 1978), depleted mantle values of 143Nd/144Nd = 0.51315 and 147Sm/144Nd = 
0.2137 (Goldstein and Jacobsen, 1988), and CHUR parameters 147Sm/144Nd = 0.1960, 




Average εHf800Ma values for the Type I lavas are similar to DM (εHf800Ma = 13.9), whereas 
those for the Type II lavas are lower than DM (Figs. 6.11b, and Table 6.4, with 176Hf/177HfDM 
= 0.28325 and 176Lu/177HfDM = 0.0388, following Griffin et al., 2004). Nd TDM model ages at 
800 Ma obtained for the Type I lavas (3.0 – 1.6 Ga) are higher than those obtained for the Type 
II lavas (1.2 – 1.0 Ga) (Table 6.4).  Hf TDM model ages of 1.5 – 0.6 Ga and 1.3 – 1.2 Ga were 
obtained for the Type I and Type II lavas (Table 6.4), respectively. The Type I lavas plots on 
and around the terrestrial array (Vervoort et al., 2011) whereas the Type II lavas plot below the 
terrestrial array line (Fig. 6.11c), with Hf isotopic values lower than expected for the Nd 
isotopic values. 
The (143Nd/144Nd)800Ma ratios of 0.51184 – 0.51198 and εNd800Ma (+4.5 to +7.2) values for the 
gabbro are on average slightly higher than the Type I lavas and similar to DM (Table 6.4; and 
Fig. 6.11a). The (176Hf/177Hf)800Ma ratios and εHf800Ma values for the gabbro samples are 
0.282575 and 0.282656, and  +10.5 and +13.3 respectively, and these values fall within the 
range of the Type I lavas and close to DM (Table 6.4; and Fig. 6.11b). Nd TDM model ages at 
800 Ma obtained for the gabbros are ca. 1.4 Ga and no meaningful Hf TDM model ages can be 





Before interpreting geochemical data of basaltic rocks to infer their petrogenetic processes and 
geodynamic setting, it is essential to assess the extent to which post-magmatic processes have 
modified the initial composition of the basaltic rocks. The presence of secondary minerals 
(including albite, chlorite, quartz, epidote, sericite and saussurite), and veins of jasper, calcite, 
chlorite and quartz, and the elevated LOI (>5 wt %) of the mafic suite of the BSU reflect 
hydrothermal alteration and/or metamorphism at greenschist facies condition. This alteration 
and metamorphism may have caused some elements, such as Rb, K, Na, Sr, Ba, U and Pb to 
be mobilised (Pearce, 1975; Schiano et al., 1993). Zr is usually immobile during low-grade 
metamorphism and alteration of mafic and intermediate igneous rocks and thus has been used 
to assess the mobility of major and some trace elements (Pearce et al., 1992; Polat and Kerrich, 
2000). As illustrated in Figure 6.12, MgO and Na2O (of Type II lavas) linearly correlate with 
Zr, signifying their relative immobility. On the other hand, SiO2, Na2O (of Type I lavas), CaO, 





Figure 6.11: (a) (ƐNd)800Ma versus (
147Sm/144Nd), (b) (ƐHf)800Ma versus (
176Lu/177Hf), (c) 
(ƐHf)800Ma versus (ƐNd)800Ma  diagram (after Vervoort et al., 1999) for the BSU lavas and gabbros. 
(ƐNd)DM, calculated using (
143Nd/144Nd)DM = 0.2136 and (
147Sm/144Nd)DM = 0.513151 ratios 
from Goldstein and Jacobsen, 1988) whereas (ƐHf)DM was calculated using (
176Hf/177Hf )DM = 
0.28325 and (176Lu/177Hf )DM = 0.0388 ratios from Griffin et al. (2004). Terrestrial Array is 
from Vervoort et al. (2011). Pharusian suture zone and Novo Oriente Group data are from 
Agbossoumondé et al. (2017) and Pitombeira et al. (2017) respectively. BSE = Bulk silicate 
Earth. 
 
Frey et al. (1974), Humphris and Thompson (1978), Humphris (1984) and Whitford et al. 
(1988) noted that during secondary processes such as carbonatisation or water/rock interaction, 
the LREE are more sensitive to be mobilised compared to the Middle rare earth elements 
(MREE) and HREE. The following points argue against the mobility of HFSE, REE and, to a 
lesser degree, Th: (1) linear relationship between Nb or La and Zr (Fig. 6.12); and (2) coherent 
patterns exhibited by the BSU mafic suite on the chondrite-normalised REE and primitive 
mantle-normalised incompatible trace element diagrams for Th, HFSE, and REE (Fig. 6.9 and 
6.10). Hence, the HFSE, LREE and HREE can be used for the interpretation of petrogenetic 




Figure 6.12: (a) Selected major and trace elements versus Zr plot for the BSU lavas and 
gabbros. The linear correlation is inconsistent with elemental mobility during alteration and 
metamorphism. 
 
6.6.1.2. Screening of cumulates and liquids 
The Bodada gabbro shows weak alteration and deformation and hence its plagioclase cumulate 
texture is preserved (Fig. 6.6b). However, the gabbros from Tintiano and Asukwakwa are 
significantly altered and deformed and this has obliterated the primary textures, thus making it 
difficult to identify any potential cumulate features (Figs. 6.6d and 6.6f). Magmatic rocks with 
>20 wt.% Al2O3, >50 ppm Sc and >200 ppm Ni may have significantly accumulated 
plagioclase, clinopyroxene, and olivine respectively (Pearce, 1996) and thus should not be 
plotted on basaltic discrimination diagrams. The presence of positive Eu- and Ti-anomalies, 
the very low LREE contents (Fig. 6.10a and Fig. 10b) support the cumulate nature of the BSU 
gabbros. 
6.6.1.3. Magma source, evaluation of crustal contamination and melting depth 
The Types 1a and 1b lavas show consistent isotopic ratios (Table 6.4), which can be interpreted 
as juvenile magmas produced from a similar depleted (MORB) mantle source. However, the 
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depleted LREE contents of Type Ia, and the flat REE and incompatible trace element patterns 
displayed by the Type Ib lavas are indicative of different degrees of partial melting (Wilson, 
1989; Sun and McDonough, 1989; Fig. 6.9a to 6.9d), with a higher degree for Type Ia relative 
to Type Ib. The εNd800Ma values of +5.3 to +6.2 for the Type I lavas overlap with those of Type 
II lavas (εNd800Ma = +4.1 to +6.3). The similarity of Nd isotopic ratios may imply a similar 
depleted mantle source for the Type II lavas. The Type II lavas on the chondrite-normalised 
REE and the primitive mantle-normalised incompatible trace element diagrams have higher 
concentrations of the entire incompatible trace element spectrum in comparison to the primitive 
mantle (Fig. 6.9e and 6.9f). The large variations in the trace element contents between the Type 
I and Type II lavas of the BSU could correspond to different degrees of partial melting at 
different mantle depth. The relatively enriched LREE contents in Type II lavas compared to 
the Type I lavas indicate smaller degrees of partial melting in the former. The isotopic ratios 
of the gabbro are similar to the Type I lavas, indicating a similar mantle source. Thus, the 
gabbros were derived from a depleted mantle source.  
On the diagram of (La/Yb)N versus (Sm/Yb)N (Fig. 6.13), the BSU mafic suite plot around 
typical values of MORB (Type I lavas) and OIB (Type II lavas). From this diagram, and the 
general trace element patterns and isotopic ratios (Fig. 6.9, and Fig. 6.11), it can be deduced 
that the Type I lavas were derived from higher degrees of partial melting in the spinel lherzolite 
stability field (Blundy and Wood, 1994; Yaxley, 2000; Van Westrenen et al., 2001; Xu et al., 
2005; Lai et al., 2012). The Type II lavas, on the other hand, originated from smaller degrees 
of partial melting at depth in which garnet likely played a role as a residual phase, since the 
lavas have very high LREE/HREE ratios (Fig. 6.13) and lower Hf isotope ratios compared to 
Type I lavas (Table 6.4; Blundy and Wood, 1994; Yaxley, 2000; Van Westrenen et al., 2001; 
Xu et al., 2005; Lai et al., 2012). Generally, garnet has the potential to retain HREE and cause 
decoupling between Nd and Hf during melting (Veervoort and Patchett, 1996; Green et al., 
2000). In the scenario where garnet completely breaks down during melting, the resultant melt 
would have elevated HREE and Hf isotope ratios. However, in case of disequilibrium melting 
where garnet does not break down, the melt would have low HREE and low Hf isotope ratios 
(Veervoort and Patchett, 1996; Green et al., 2000).  The low Hf isotope ratios in the Type II 
lavas perhaps resulted from disequilibrium melting and retention of radiogenic Hf in garnet. 
Thus, the BSU mafic suite were produced by partial melting of mantle source of spinel and 
garnet lherzolites probably at depths of 60 to 100 km (White and McKenzie, 1995 Winter, 





Figure 6.13: (La/Yb)N versus (Sm/La)N. REE were normalised to chondrite of Palme and 
O’Neill (2014). Sources for N-MORB, E-MORB from Gale et al. (2013), and OIB values from 
Sun and McDonough (1989). PSZ data from Attoh and Morgan (2004), Agbossoumondé et al. 
(2017), and Guillot et al. (2019). 
 
The positive anomalies of Nb and Ti (Fig. 6.9) and the positive εNd800Ma and εHf800Ma values 
in the BSU lavas indicate no significant contamination of their parental magma by subducted 
components or continental crust. The positive anomaly of Nb coupled with the positive 
εNd800Ma and εHf800Ma values in the gabbros suggest derivation from a depleted mantle source, 
without any significant contamination by continental crust or subducted component. Kwayisi 
et al. (2017) identified two types of gabbros in the BSU, those with MORB-type character and 
those with a volcanic-arc affinity (characterised by negative Nb anomaly) and interpreted the 
arc signature as due to contamination by a subducted component. However, the geochemical 
features such as positive Ta, and negative Th and Zr anomalies in primitive mantle-normalised 
trace element diagrams (Fig. 8b in Kwayisi et al., 2017) are inconsistent with contamination 
by a subducted component in the gabbros. From clinopyroxene chemical composition, all the 
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gabbro samples plot in or near to the IAT fields, which, however, overlaps with the MORB 
field (Fig. 6.7c). Nevertheless, there is a general lack of Nb anomaly in their whole-rock trace 
element pattern (Fig. 6.10b) and they have positive εNd800Ma and εHf800Ma values. Therefore, 
the gabbros are interpreted as cumulate products of juvenile magma with no significant crustal 
or subducted component contamination.  
 
6.6.2. Tectonic setting 
Previous geochemical data (Jones, 1990; Nude et al., 2015) of the BSU lavas, in combination 
with our new data, highlight the existence of two types of lavas: Type I (MORB-type) in the 
north-central, and Type II (OIB-type) in the southwest, which are subalkaline and alkaline 
respectively. The field observations (pillow lavas, hyaloclastite), petrography (hydrothermal 
alteration), geochemistry and isotopic data support the formation of the lavas in a subaqueous 
environment. The Type I lavas comprise massive and pillow lavas, associated with 
hyaloclastite and agglomerate and are in tectonic contact with serpentinised peridotite and 
gabbro of MORB affinity. Thin beds of chert, turbiditic shale and fine-grained sandstone are 
interlayered with the lavas. Chert and carbonate overlie the serpentinised peridotite at some 
localities (e.g. Fig. 3b in Kwayisi et al., 2020). This sequence represents a dismembered 
oceanic plate stratigraphy (OPS) where chert overlies MORB-type igneous rocks (Kusky et al., 
2013; Safonova et al., 2016). All these data and observations indicate that the Type I lavas of 
the BSU erupted during the formation of oceanic lithosphere. The Type II lavas, on the other 
hand, consist of pillow lavas and pyroclastic rocks that are overlain by beds of chert, carbonate, 
or chert-carbonate interlayers. Shale with minor sandstone interbeds occurs below the Type II 
lavas with no occurrence of mafic-ultramafic plutonic rocks. In some localities, thin veins of 
jasper can be observed. This rock association is characteristic of seamount OPS, that includes 
OIB-type basalts normally overlain by carbonate, and chert (e.g., Kanmera and Sano, 1991; 
Isozaki, 2014).  
Chemical data from clinopyroxene of the lavas indicate a non-orogenic setting for their 
formation (Fig. 6.7c). The BSU lavas have trace element ratios (Fig. 6.14) that are similar to 
Mid-Atlantic ridge, Ontong Java, seamount and Hawaiian Island, thus, they were likely formed 
in tectonic settings similar to these rocks, although this does not exclude continental rift zone. 
The presence of N-MORB lavas with pillow features in the Type I lavas, lack of continental 
crust contamination and association of serpentinised peridotite suggest the development of 
oceanic lithosphere at a spreading center (Lapierre et al., 2004). Negative Nb anomalies, which 
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are the characteristic of lavas of continental rift zone (Chazot and Bertrand, 1993; Pik et al., 
1998; Fitton et al., 1998; Lapierre et al., 2004), are missing in the Type II lavas. A wide 
diversity of rocks, from basalt to rhyolite, nepheline to phonolite and even carbonatite, with 
greater volumes of acidic rocks (rhyolite, trachyte, and phonolite), are more abundant in 
continental rift zone compared to the other tectonic settings (Suetsugu and Hanyu, 2013). The 
Type II lavas are dominantly alkali basalts (this study) with minor trachyte and phonolite 
restricted to only one locality (Nude et al., 2015), making the continental rift zone proposed by 
Jones (1990) for the south-western lavas unlikely. Jones (1990) did not recognised any folding 
in the pillow lava and coupled with the alkaline geochemical characteristics of the lavas and 
continental (alluvial fan) nature of the associated sedimentary rocks, considered the lavas to 
have been derived in a continental rift zone. This study, however, has revealed folding of the 
south-western Type II lavas around a N-S-striking B2 fold axis, and the associated sedimentary 
rocks are of passive margin affinity with the occurrence of marine units (carbonate and chert), 
indicating seamount formation in an oceanic basin prior to Pan-African collision. This can be 
supported by the occurrence of hyaloclastite and pyroclastic rocks composed mainly of clasts 
of marine materials (chert and carbonate; Fig. 6.5) in the south-western part of the BSU. 
 
6.6.3. Relationship of the BSU mafic suite to the HP rocks of the PSZ 
The Type I lavas of the BSU show similar isotopic and trace element signatures as the MORB-
type HP rocks of the PSZ (Figs. 6.9, 6.11a, 6.13, and 6.14). The similarities in geochemical 
characteristics may suggest that the Type I lavas and the gabbros of the BSU were derived from 
similar depleted mantle source as the MORB-type HP rocks of the PSZ. The MORB-type HP 
rocks of the PSZ were derived from the subducted WAC passive margin plate and represent 
the remnant of the Pharusian oceanic lithosphere (Bernard-Griffiths et al., 1991; 
Agbossoumondé et al., 2001; Cordani et al., 2003). The lavas and gabbros of the BSU thus 
may have formed in the same oceanic basin. This would mean that the BSU represents part of 
the Pharusian oceanic lithosphere accreted during the Pan-African orogeny onto the south-
eastern margin of the WAC as suggested by Kwayisi et al. (2020) from field structural and 
geophysical data. No lava or gabbro with arc characteristics (i.e. negative Nb-anomaly) has 
been identified in the BSU. The BSU gabbros show similar isotopic ratios as the Type I lavas, 
which formed in a spreading center. Type II lavas and associated pyroclastic rocks are 




Figure 6.14: Tectonic setting discrimination diagrams for the BSU lavas and gabbros: (a) Y/Nb 
versus Zr/Nb, (b) Ti/Zr versus Al/Ti, (c) (Gd/Yb)N versus (La/Sm)N, (modified after Safonova 
et al., 2016), Data sources same as figure 11. N-MORB and E-MORB values from Gale et al. 
(2013), and OIB from Sun and McDonough (1989). Data for Mid-Atlantic Ridge (MAR), 
Hawaiian Island (HI), Continental rift zone, and Seamount from PetDB 
(http://www.earthchem.org/petdb) while Tonga and Ontong Java (OJ) are from GEOROC 
(http://georoc.mpch-mainz.gwdg. de/georoc/). Pharusian suture zone and Novo Oriente Group 
data from Agbossoumondé et al. (2017) and Pitombeira et al. (2017) respectively. 
 
Geophysical data processing and structural analysis by Kwayisi et al. (2020) suggest the mafic-
ultramafic rocks occur as tectonic slices within the BSU. We, therefore, propose that fragments 
of oceanic lithosphere (Type I lavas, and gabbros) followed by oceanic seamount (Type II 
lavas, south-western margin of the BSU) were scraped off the lower plate (WAC passive 
margin) and incorporated into the outward (westward) growing accretionary wedge of the 
Dahomeyide belt before or during underthrusting of the WAC at 640 – 610 Ma (U-Pb zircon 
ages of eclogite, Bernard-Griffiths et al., 1991; Ganade de Araujo et al., 2014; Fig. 15b, to c). 
This was followed by subduction of the leading edge of the WAC to HP conditions (Fig. 15d). 
Finally, the WAC promontory and HP MORB-type PSZ rocks were exhumed and obducted in 
between the accretionary wedge and the upper plate at 610 – 570 Ma (Fig. 15e; Attoh et al., 
1997, 2007; Ganade de Araujo et al., 2014), together with mafic and ultramafic lower arc crust 




Figure 6.15: Schematic diagram showing the geodynamic evolution of the BSU and PSZ 
(modified after Guillot et al., 2019). (a) Rifting and opening of the Pharusian Ocean which led 
to the formation of ocean lithosphere (b) oceanic subduction and obduction of the Type I lavas 
and gabbros, (c) continuous oceanic subduction and obduction of the Type II lavas within the 
accretionary wedge, (d) subduction of the passive margin of the WAC to HP conditions and 
(e) exhumation of the HP rocks between the accretionary wedge and the upper plate.  
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The precise age of rifting and formation of oceanic lithosphere along the south-eastern margin 
of the WAC is unknown due to the lack of absolute ages. This age is constrained by the age of 
the youngest detrital zircon in the BSU sandstone located structurally below the ophiolitic 
fragments at 1300 Ma (Kwayisi et al., in prep (chapter 5)) and the continental subduction at 
640 Ma (U-Pb ages of zircons; Bernard-Griffiths et al., 1991; Guillot et al., 2019).  
 
6.6.4. Geodynamic implication 
Kwayisi et al. (2020) inferred that the BSU could be part of a discontinuous, ~2500 km-long 
ocean-continent transition (OCT) ophiolite formed during the break-up of Rodinia 
supercontinent since it shares lithological similarities with the Timétrine massif of the 
Pharusian belt, NE Mali (Caby, 2014) and Novo Oriente Group of the Borborema Province, 
NE Brazil (Fig. 6.1a; Ganade de Araújo et al., 2010; Pitombeira et al., 2017). Ultramafic and 
mafic rocks have been reported from the Novo Oriente Group (Ganade de Araujo et al., 2010; 
Pitombeira et al., 2017). The ultramafic rocks are serpentinised peridotite that represents mantle 
lithosphere, exhumed during OCT rifting (Pitombeira et al., 2017). The mafic rocks of the 
Novo Oriente Group are MORB-type and show geochemical features that resemble lavas 
formed by the interaction between a mantle plume and thin continental crust, evident in the 
negative (εNd)800Ma values (Fig. 5.11a and Fig. 6.14; Pitombeira et al., 2017). To the best of 
our knowledge, no geochemical and isotope data have been published from the ultramafic and 
mafic rocks of the Timétrine massif, however, based on their field relationship, formation in 
an OCT setting has been proposed (Caby, 2014). The fact that the BSU mafic suite lack 
noticeable contamination with continental crust suggest formation during the magmatic 
seafloor spreading stage of the evolution of the Pharusian oceanic basin. Thus, the BSU mafic 
suite could correspond to the true oceanic lithosphere of the West Gondwana Orogen ophiolite, 
with the magmatic rocks of the Novo Oriente Group and probably of the Timétrine massif 
formed at the initial stages of continental rifting. The occurrence of true oceanic lithosphere 
has been proposed for the continental margin-type Dongbo and Purang ophiolites in southern 
Tibet (Liu et al., 2015), and the Chenaillet ophiolite of the Alpine Orogen (Manatschal and 
Müntener, 2009) with which the BSU shares similarities in geochemical characteristics and 
lithological association. Continental margin-type ophiolites are usually characterised by 
basaltic lavas, the uncommon occurrence of gabbroic rocks, and sedimentary rocks that directly 
overlay ultramafic rocks (Robertson, 2007; Bernoulli and Jenkys, 2009; Dilek and Furnes, 
2011). The gabbroic rocks and basaltic lavas show affinities for OIB, E-MORB, and N-MORB 
(e.g. Desmurs et al., 2002; Liu et al., 2015; Saccani, 2015). Hence, the BSU could represent a 
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continental margin-type ophiolite related to rift-to-drift and seafloor spreading processes 
during the breakup of Rodinia supercontinent, accreted and deformed during the Pan-African 
orogeny. The geographical separation of the Type II lavas from the Type I lavas could be due 
to the initial accretion of the Type I lavas oceanward (eastward) with respect to the Type II 
lavas that formed more proximal (westward) to the passive WAC continental margin (Fig. 
6.15a). Continental margin-type ophiolites in the West Gondwana Orogen are thus of two main 




This study has identified two main types of volcanic rocks, based on field and geochemical 
data: Type I and Type II. These two types of lavas are spatially separated, with Type I 
occupying the north-central part whereas the Type II lavas occur in the south-western part of 
the BSU. Type I lavas are subalkaline and have trace elements concentrations that resemble 
MORB. The Type II lavas are alkaline with OIB-type geochemical characteristics. The Type I 
lavas originated from higher degrees of partial melting of the depleted mantle in the spinel 
lherzolite stability field. The Type II lavas, on the other hand, originated from smaller degrees 
of disequilibrium partial melting in the garnet lherzolite stability field. These lavas show a 
lithological association that resembles ocean plate stratigraphy, and this, coupled with their 
geochemical signatures, suggests formation in an oceanic basin. The gabbros of the BSU show 
similar isotopic ratios as the BSU lavas, an indication of similar mantle source and environment 
of formation. The occurrence of pillow lavas and hyaloclastite, serpentinised peridotite together 
with the lack of any significant continental crust contamination, implies that the BSU represent 
true oceanic lithosphere formed during the seafloor spreading stage of the evolution of the 
Pharusian oceanic basin. The geochemical characteristics of the BSU mafic suite are 
comparable to the MORB-type HP rocks of the PSZ, thus, both represent the remnant of the 
Pharusian oceanic lithosphere. The contrasting metamorphic conditions between the BSU and 
the PSZ rocks that contain HP rocks derived from the WAC continental crust, associated with 
the fact that the BSU is located in the external part of the accretionary wedge and underthrust 
by the WAC, suggest that the BSU mafic suite were scraped off the lower plate during Pan-
African subduction, before or at the onset of underplating of the WAC. The BSU corresponds 
to the true oceanic lithosphere of the West Gondwana Orogen continental margin-type 
ophiolite, sharing similar lithological and geochemical features to other continental margin-
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This study integrated geophysical, structural, petrological, geochemical, isotopic and 
geochronological data from key units within the Buem structural unit (BSU) to establish its 
origin within the Dahomeyide belt, propose a plausible conceptual model for its evolution as 
well as its relationship to the Pharusian suture zone (PSZ). In this chapter, a synthesis of the 
objectives and significance of the results of this research are discussed. Firstly, the structural 
and tectonic implications of the BSU to the evolution of the Dahomeyide belt are presented. 
Then the significance of the BSU in the overall geodynamic evolution of the Dahomeyide belt 
in particular and the West Gondwana Orogen as a whole are highlighted, emphasising on the 
development of a 2500 km continental margin-type ophiolite, passive margin and foreland 
sequences. Finally, the significance of the findings to the paleogeographic reconstruction of 
West Africa and South America in Gondwana, and the pre-Gondwana position of the West 
African Craton in relation to the Amazonian Craton are presented. 
 
7.2. EVOLUTION OF THE DAHOMEYIDE BELT 
Combined field mapping, structural analysis and processing and interpretation of geophysical 
data have revealed that the BSU is stratigraphically made up of from top intercalations of slate 
and metasandstone, followed by an ultramafic complex that is capped by chemical units (chert 
and carbonate). These are overlain by gabbro and mafic volcanic rocks, which are in turn 
overlain by the chemical units. The top part of the sequence consists of the sandstone and 
diamictite with shale interbeds. The sedimentary rocks are mainly of passive margin affinity, 
with the mafic rocks showing MORB- and OIB-type characteristics. Detailed structural 
analysis indicates that the rocks of the BSU have been affected by three deformation events: 
D1 to D3. This study documents shared deformation events of the BSU to the rocks of the PSZ 
and Togo structural unit and thus similar tectonic processes have been proposed. The 
ubiquitous D2, N-S-striking tectonic fabrics of the BSU have been observed in the PSZ and 
Togo structural unit (Adjei and Tetteh, 1997; Attoh et al., 1997; Attoh, 1998; Agbossoumondé 
et al., 2001). The D2 deformation corresponds to an E-W shortening, at least active during the 
Pan-African continental subduction around 615 - 605 Ma, but that may have started before, 
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and which corresponds to the age of HP metamorphism in the PSZ, and greenschist to lower 
amphibolite metamorphism in the Togo structural unit (Attoh et al., 1997; 2007; Attoh, 1998; 
Affaton et al., 2000; Agbossoumondé et al., 2001; Hirdes and Davis, 2002). A change of 
orogenic structural grain from N-S-striking (D2) to NE-SW-striking (D3) in the southern part 
of the BSU was probably caused by the rotation of the regional tectonic shortening directions 
from E-W at 615 – 605 Ma to NW-SE-trending at 590 – 570 Ma during the transition from 
continental subduction to continent-continent collision (Attoh et al., 1997; 2007; Attoh and 
Nude, 2008). 
Integrated field, structural, geochemical, and geochronological data on the mafic-ultramafic 
rocks of the BSU and associated sedimentary rocks point to a rifting event and formation of 
oceanic lithosphere and passive margin before Pan-African continental subduction. The 
geochemical characteristics of these igneous rocks indicate no significant crustal contamination 
or modification by a subducted component. Their isotopic ratios are comparable with rocks 
formed in mid-oceanic-ridge (MOR) and seamount setting. The mafic-ultramafic rocks of the 
BSU are geographically separated. In the north-central part of the BSU, an oceanic plate 
stratigraphy (OPS) occurs where chert-carbonate units unconformably overlie MORB-type 
mafic-ultramafic rocks (Kusky et al., 2013). In the south-western part, OIB-type pillow lavas 
and pyroclastic rocks are overlain by beds of chert, carbonate, or chert-carbonate interlayers, 
with no occurrence of mafic-ultramafic plutonic rocks. The rock association, geochemical and 
isotope data for the mafic rocks of the south-western part of the BSU are the characteristic of 
seamount OPS (e.g., Kanmera and Sano, 1991; Isozaki, 2014). This study proposes the 
formation of true oceanic lithosphere in a setting similar to MOR, and seamount based on the 
absence of negative Nb anomalies that are the characteristic of lavas of the continental rift zone, 
the presence of N-MORB with pillow features and the passive margin sedimentary rocks 
associated with the lavas in the BSU (Chazot and Bertrand, 1993; Pik et al., 1998; Fitton et al., 
1998; Lapierre et al., 2004). Therefore, the continental rift zone proposed by Jones (1990) for 
the south-western lavas (interpreted as seamount related to oceanic basin formation in this 
study) can be ruled out. Results from this study, together with published data on the mafic-
ultramafic rocks of the BSU show similar tectonic setting as the PSZ MORB-type HP rocks. 
Hence the BSU and the PSZ MORB-type HP rocks represent parts of oceanic lithosphere 
formed during the opening of the Pharusian Ocean and incorporated into the Dahomeyide belt 
during Pan-African convergence; continental subduction and continent-continent collision. 
Therefore, the contrasting metamorphic conditions between the BSU (greenschist facies) and 
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PSZ (eclogite and granulite facies) are due to their mode of emplacement; the BSU represents 
part of the lower plate stripped off and accreted unto the WAC (i.e. part of the accretionary 
wedge of the Dahomeyide belt) before or at the onset of underthrusting of the WAC continental 
lithosphere, whereas the PSZ represents materials from both lower and upper plates that was 
subducted to mantle depth and exhumed between the accretionary wedge and forearc during 
the Pan-African continent-continent collision. 
This study has established a strong correlation between the sedimentary rocks of the BSU, 
Togo structural unit and the Voltaian Supergroup and their formation in the same depositional 
setting with similar provenances. Two main sedimentary rocks occur in the external zone 
(BSU, Togo structural unit and the Voltaian Supergroup) of the Dahomeyide belt, i.e. passive 
margin, and foreland basin with three potential provenances: Amazonian Craton, Benino-
Nigerian Shield, and WAC. It has been revealed from the results of this study that a greater 
proportion, if not all, of the sediment supply to the passive margin units is from the Amazonian 
Craton.  Therefore, the general interpretation that most of the sediments to the external zone 
were sourced from the WAC is questionable. The 959 ± 65 Ma (Rb–Sr isochron on clay, 
Clauer, 1976) depositional age and 1160 Ma youngest detrital zircon of the Bombouaka Group 
of the Voltaian Supergroup suggest the evolution of the passive margin sequence of the 
Dahomeyide belt around 1000 Ma. Passive margin sedimentation lasted until ~700 Ma, with 
the depositions of BSU and Togo structural unit sedimentary rocks and the formation of the 
mafic-ultramafic rocks of the Pharusian oceanic lithosphere. This period (1000 – 700 Ma) saw 
the opening of the Pharusian Ocean. Passive margin sedimentation was halted by the 
Neoproterozoic Pan-African plate convergence with the deposition of foreland basin sequences 
(Oti and Obosum groups and the Kanti schist) (Affaton et al., 2000; Hirdes and Davis, 2002; 
Ganade de Araujo et al., 2016; Guillot et al., 2019).  
The tectonic framework, lithological associations, structural relationship, geochemical 
characteristics and geochronological data of the BSU, PSZ, Togo structural unit and Voltaian 
Supergroup suggest a geodynamic evolution of the Dahomeyide belt evolving from the initial 
formation of passive margin sequences and oceanic lithosphere during rifting and seafloor 
spreading at the south-eastern margin of the WAC (Fig. 7.1a). This was followed by subduction 
that resulted in the incorporation of slices of oceanic lithosphere into an accretionary wedge 
formed by tectonically inverted passive margin sequences (Fig. 7.1b and c). Subduction also 
led to partial subduction of the passive margin sequences and oceanic lithosphere to high 





Figure 7.1: Schematic diagram showing the geodynamic evolution of the BSU and PSZ 
(modified after Guillot et al., 2019). (a) Rifting and opening of the Pharusian Ocean which led 
to the formation of ocean lithosphere (BSU mafic suites) and lower passive margin 
sedimentation, (b) oceanic subduction, obduction of the Type I lavas and gabbros, and upper 
passive margin sedimentation, (c) continuous oceanic subduction and obduction of the Type II 
lavas within the accretionary wedge, (d) subduction of the leading edge of the WAC to HP 
conditions, and development of foreland basin and (e) exhumation of the HP rocks between 




Finally, the accretionary wedge was overthrust onto the lower plate WAC basement, which 
was followed by the exhumation of the HP rocks between the accretionary wedge and the upper 
plate during continent-continent collision between the WAC and the BNS (Fig. 7.1e). The 
evolution of the Dahomeyide belt is reminiscent of several Pan-African belts surrounding the 
WAC such as the Pharusian belt (Caby, 2003; Liégeois et al., 2003), Anti-Atlas belt (Hefferan 
et al., 2000; 2002), and Rokelide belt (Villeneuve and Cornée, 1994). 
 
7.3. PALEOGEOGRAPHIC RECONSTRUCTION OF WEST AFRICA AND SOUTH 
AMERICA IN GONDWANA  
This study provides an understanding on the correlation of the Dahomeyide belt and the 
Borborema Province, and to some extent the Pharusian belt along the West Gondwana Orogen. 
Depositional setting and provenance indicators suggest the deposition of the external zone of 
the Dahomeyide belt in the same basin with sediments from similar sources as the sedimentary 
rocks of Martinópole Group and Jaibaras Basin in the Borborema Province (Ganade de Araujo 
et al., 2012; 2016). This has been interpreted to indicate the development of a 2500 km-long 
passive margin between ca. 1000 – 700 Ma before the onset of West Gondwana assembly. 
There is a striking lithological similarity between the mafic-ultramafic rocks of the BSU to 
those of the Timétrine massif (Caby, 2014) and the Novo Oriente Group (Ganade de Araujo et 
al., 2010; Pitombeira et al., 2017) in the Pharusian belt and Borborema Province, respectively. 
Analyses of their geochemical features including radiogenic isotopic ratios indicate that the 
BSU mafic-ultramafic rocks correspond to the true oceanic lithosphere of the West Gondwana 
Orogen ophiolite that formed during seafloor spreading with the Novo Oriente Group 
representing the magmatic rocks formed at the initial stages of rifting (OCT). The lithological 
features and geochemical characteristics of the BSU and Novo Oriente Group are consistent 
with continental margin-type ophiolites similar to those of Dongbo and Purang ophiolites in 
southern Tibet (Liu et al., 2015), and the Chenaillet ophiolite of the Alpine Orogen (Manatschal 
and Müntener, 2009). The Dahomeyide belt can therefore be correlated with the Borborema 
Province in NE Brazil, hence the West Africa and South America were involved in the same 
orogenic event, i.e. the Brasiliano/Pan-African orogeny as have been proposed by Attoh et al. 




7.4. PRE-GONDWANA POSITION OF THE WEST AFRICAN CRATON TO THE 
AMAZONIAN CRATON 
The results from this study provide the opportunity to discuss the pre-Gondwana position of 
the WAC to the Amazonian Craton in the supercontinent Rodinia. Our U-Pb zircon age and 
Hf-isotope data suggest a greater proportion of the sediments supply to the external zone of the 
Dahomeyide belt is from the Amazonian Craton. Paleocurrent direction towards the NE and 
NW in the rocks of the Bombouaka Group of the Voltaian Supergroup corroborate the 
Amazonian Craton source of sediments (Carney et al., 2010). These suggest that during 
Rodinia time, the WAC and the Amazonian Craton were not separated by any major seas and 
that these cratons may have been connected since the Paleoproterozoic era until the breakup of 
Pangea in early Cretaceous period which corroborate the works by Rogers (1996), Trompette 
(1994), Rogers and Santosh (2002), Evans (2009, 2013) and Baratoux et al. (2019). 
 
7.5. CONCLUSIONS 
The BSU provides the opportunity to understand the evolution of the Dahomeyide belt as it is 
the best archive of the pre- and post-convergence processes of the Dahomeyide belt. This thesis 
is the first integrated study of the BSU of Ghana and has provided an opportunity to understand 
its significance in the Dahomeyide belt and to a larger extent the West Gondwana Orogen. A 
new lithotectonic map and tectonostratigraphic sequence of the BSU have been produced. As 
a result, this study has identified a more extensive occurrence of mafic-ultramafic plutonic 
rocks within the BSU than previously reported in the literature. The mafic-ultramafic rocks 
mark the major thrust planes within the BSU and at the BSU-Togo structural unit and BSU-
Voltaian Supergroup boundaries. The highlight of this study is the identification and 
establishment of the deformation history, tectonic setting, and the geodynamic processes the 
BSU has experienced and its relationship to the PSZ, and the adjacent passive margin 
sequences, i.e. the Togo structural unit and Voltaian Supergroup. The BSU represents the 
remnant of the Pharusian oceanic lithosphere and has experienced similar tectonic evolution as 
the PSZ and the Togo structural unit. This study establishes a strong correlation between the 
BSU, Togo structural unit and Voltaian Supergroup, an indication of deposition in the same 
depositional setting. The Pan-African orogeny, has, however, deformed and metamorphosed 
the BSU, Togo structural unit and the eastern part of the Voltaian Supergroup in the Volta 
Basin. The structural, geophysical, geochemical, and geochronological data obtained are 
consistent with obduction of oceanic lithosphere and incorporation of tectonically inverted 
passive margin sedimentary sequences into an accretionary wedge, and foreland basin 
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development due to Pan-African subduction. Followed by overthrust of the accretionary wedge 
onto the lower plate WAC basement and exhumation of HP rocks between the accretionary 
wedge and upper plate due to continent-continent collision during the Pan-African orogeny. In 
this work, we have established a strong link between the rocks of the Dahomeyide belt, and the 
Borborema Province. These findings affirm the correlation of the Dahomeyide belt with the 
Borborema Province and suggest the co-existence of the WAC and Amazonian Craton in 
Rodinia supercontinent during the Mesoproterozoic era.   
  
7.6. RECOMMENDATIONS 
A deeper understanding of the geological evolution of the BSU could come from an integrated 
study utilising fluid-mobile elements and stable isotopes together with Cr-spinel chemical 
composition to constrain the origin, mode of emplacement, and tectonic setting of the 
serpentinised peridotite of the BSU. An important question is whether these ultramafic rocks 
were exhumed onto the ocean floor during rifting, or onto the continental margin during 
subduction. If they were exhumed onto the ocean floor, the question is whether this happened 
at a fast or slow to ultraslow spreading ridge. 
Absolute ages of the BSU mafic suite present a key component in constraining the timing of 
rifting and oceanic lithosphere formation at the south-eastern margin of the WAC. However, 
an attempt to find zircon for U-Pb dating from the BSU mafic suite was unsuccessful. Apatite 
is usually the only U-bearing ubiquitous accessory mineral available for dating mafic rocks in 
the absence of zircon and baddeleyite. It is therefore, recommended that U-Pb LA-ICP-MS 
dating of apatite should be carried out in future research.   
The scope of this work did not cover the Ho gneisses which occur between the passive margin 
sequences of the Togo structural unit and the PSZ. An important element in understanding the 
geodynamic evolution of the Dahomeyide belt is to establish the relationship between the Ho-
gneisses, the passive margin sequences and PSZ. Does the Ho gneisses represent a 
microcontinent distinct from the WAC and BNS or part of the WAC detached during 
continental rifting or a continuation of the WAC basement that is overthrust by the passive 
margin sequences? Establishing the origin and relationship of the Ho gneisses to the passive 
margin sequences, and PSZ will improve our understanding of the initiation of rifting at the 
eastern margin of the WAC and the opening of the Pharusian oceanic basin.  
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The economic potential of the mafic-ultramafic rocks of the BSU needs to be investigated as 
these rocks often host wealth of precious and base metals, and PGEs. The volcanic rocks and 
the mafic plutonic rocks of the BSU have been reported to contain pyrite (Kwayisi, 2014, 
Kwayisi et al., 2017; this study) which is one of the pathfinders for gold mineralisation. Field 
and geophysical work done by Geotech (2009) indicated possible target zones of base metal 
mineralisation within the BSU. Economic geology studies of the BSU are needed to establish 
possible mineral potential. 
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Sample preparation and analytical procedure for the major and trace element, and U-
Pb and Lu-Hf analyses of the BSU sedimentary rocks 
The major element concentrations of the BSU sedimentary rocks were analysed by X-ray 
Fluorescence (XRF) spectrometry on borate fusion glass discs. Loss on ignition (LOI) was 
determined at 930°C on 1 g of dried (105°C) sample. For the major element analyses, 0.7 g of 
ignited sample was mixed with 0.1 g lithium nitrate (LiNO3). A further 6 g of lithium 
metaborate was then added to the mixture and fused in a furnace at 1050°C for 30 minutes. The 
glass discs were then analysed with an XRF spectrometer (Philips Panalytical MagiX Pro) for 
the major element concentrations of the samples. Natural and synthetic samples were used for 
calibration. Precision and accuracy were better than 5% and 3% respectively.  
For the trace elements analyses, approximately 0.1 g of powdered sample was digested with 2 
ml of 22.6 M hydrofluoric (HF) and 1 ml of 14 M nitric (HNO3) acids and allowed to dry at 
120° C. Then, 3 ml of 9.5 M hydrochloric (HCl) and 1 ml HNO3 acids were added to the residue 
and the solution was dried at 100° C. Afterwards, 1 ml of HNO3 was added and dried at 120° 
C. Lastly, 3 ml of HNO3 and 1 ml of HCl were added and heated for 2 hours. This was then 
diluted in a 15 ml of 14 M HNO3 acid and analysed by the Inductive Coupled Plasma-Mass 
Spectrometry (ICP-MS; Perkin Elmer NexION 300D). Results obtained were corrected for 
spectral interelement interferences and instrumental drift. Different amounts of reference 
material BCR-2 (0.05 g, 0.10 g, and 0.15g) were digested and diluted together with the other 
samples and used for calibration of the trace element analysis. Precision and accuracy were on 
average better than 3% and 5% respectively (Table A1).  
Samples were crushed using the sledgehammer and the jaw-crusher. The crushed samples were 
sieved to below 250 μm grain size, followed by pan-washing to separate the heavy minerals 
including zircons. The zircons were then handpicked under a binocular microscope and 
mounted in an epoxy (4 grams of Epoflex resin and 0.5 g of Epoflex hardener). The mounts 
were polished to expose the surfaces of the zircons and imaged by cathodoluminescence (CL) 
in a Tescan-Vega 3 scanning electron microscope (SEM) at the Spectrum Analytical Facility, 
University of Johannesburg, South Africa. The laser was tuned at a frequency of 1.6 Hz with a 
spot size of 25 μm, and an attenuator setting of 12.5%, corresponding to an intensity of 6 μJ, 
and laser fluency of 2.19 J/cm2. Acquisition, background, and integration times were at 40 s, 
20 s and 0.2 s, respectively. Primary standards GJ-1 (207Pb/206Pb age = 600.5 ± 0.4 Ma; 
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Schaltegger et al., 2015), 91500 (207Pb/206Pb age = 1065 ± 1 Ma; Wiedenbeck et al., 1995) and 
A382 (207Pb/206Pb age = 1877 ± 2 Ma; Huhma et al., 2012) were used for U-Pb calibration. 
During the period of analyses secondary standard CDQGNG (207Pb/206Pb age of 1840 ± 0.3; 
Black et al., 2003) based on 77 analyses, gave a weighted average 207Pb/206Pb age of 1842.5 ± 
4.7 Ma. Agangi et al. (2018) have described details of the analytical and data reduction 
protocols. An in-house interactive spreadsheet program written in VBA for Microsoft Excel 
was used for data reduction. To reduce error during the U-Pb age calower clastic unitlations, 
only U-Pb ages with discordance between −10% and +10% were accepted. Pb-loss corrected 
zircons that gave low 204Pb/206Pb ratios were rejected. 
Same grains ablated for U-Pb ages were analysed for Hf isotopic composition. The ablation 
spot was placed at the same position as a previous U-Pb spot. The laser was tuned at a frequency 
of 7 Hz with a spot size of 80 μm, 70 μm or 60 μm, depending on the grain size of the zircon, 
and attenuator of 50 %, corresponding to an intensity of 4 μJ, and laser fluency of 5.8 J/cm2. 
Acquisition, background, and integration times were at 70 s, 25 s and 0.2 s, respectively. 
Secondary standards Mudtank, LV11, and Plešovice used for Lu-Hf calibration, yielded 
176Hf/177Hf weighted-means of 0.282494 ± 0.000005 (2σ, n=12), 0.282807 ± 0.000008 
(2σ, n=9), 0.282462 ± 0.000004 (2σ, n=39), respectively, which are close to published values 
(Woodhead and Hergt, 2005; Slama et al., 2008; Heinonen et al., 2010). For the Lu-Hf isotope 
measurement the H4 = 180Hf; H3 = 179Hf; H2 = 178Hf; H1 = 177Hf; Ax = 176Hf + 176Yb + 176Lu; 
L1 = 175Lu; L2 = 174Hf + 174Yb; L3 = 173Yb; L4 = 172Yb; L5 = 171Yb were the detectors. For 
mass Yb and Lu bias corrections, 171Yb and 173Yb were used, whereas 179Hf and 177Hf were 
used to calower clastic unitlate and correct Hf mass bias. Interference corrections of 174Yb on 
174Hf and 176Yb on 176Hf were calculated using 171Yb. For further details on the correction 
procedures, see Jacobs et al. (2017). A software package which can be access at 
https://github.com/magnuskristoffersen/detzrcr, was used in presenting the U-Pb age and Lu-











Sc 39.22 33.53 
V 452 418 
Cr 18 16 
Co 40 37 
Ni 13 13 
Rb 51.59 46.02 
Sr 367 337.4 
Sr 369 337.4 
Y 39.11 36.07 
Zr 193 187 
Nb 12.82 12.44 
Cs 1.18 1.16 
Ba 706 684 
La 24.74 25.08 
Ce 51.98 53.12 
Pr 6.82 6.827 
Nd 27.98 28.28 
Nd 28.43 28.28 
Sm 6.44 6.547 
Eu 1.86 1.989 
Gd 6.54 6.811 
Tb 1.06 1.077 
Dy 6.79 6.424 
Ho 1.34 1.313 
Er 3.73 3.67 
Tm 0.54 0.5341 
Yb 3.37 3.392 
Lu 0.57 0.5049 
Hf 5.11 4.972 
Ta 0.79 0.785 
Pb 11.45 10.59 
Th 6.00 5.828 







Figure B1: Cathodoluminescence (CL) images of representative (less than 5% discordance) 
zircon grains of BSU sandstones and diamictite. Circles indicate spot locations, small black: 
U-Pb ages analysis; large yellow dashed: Lu-Hf analysis. The 206Pb/207Pb ages with 


























Table C1: U-Pb zircon data for the BSU samples. 
NTDK3 
                
  ppm     Ratios                     Ages   
Name U Th Th/U 206Pb/204Pb 207Pb/206Pb* 1SE 207Pb/235U 1SE 206Pb/238U 1SE Rho 232Th/238U 1SE 
(%) 
Disc 207Pb/206Pb 1s 
NTDK3-70 95 24.9 0.26 32441 0.17489 0.00025 11.23738 0.07616 0.46601 0.00308 0.977 0.26455 0.03275 -6.41 2605 2 
NTDK3-104 131 97.3 0.74 51215 0.15071 0.00025 9.00534 0.09826 0.43336 0.00467 0.989 0.74615 0.09268 -1.68 2354 3 
NTDK3-78 89 58.2 0.65 1611 0.14331 0.00097 7.97122 0.07585 0.4034 0.0027 0.702 0.65836 0.08123 -4.31 2268 12 
NTDK3-47 53 38.8 0.73 15419 0.141 0.00033 7.76868 0.0721 0.39961 0.00359 0.968 0.7366 0.09154 -3.8 2239 4 
NTDK3-77 105 34.7 0.33 9857 0.13791 0.00022 7.42062 0.08113 0.39025 0.00422 0.99 0.33175 0.04126 -4.11 2201 3 
NTDK3-53 116 109.3 0.94 19719 0.13769 0.00017 7.4322 0.06505 0.39148 0.00339 0.99 0.95162 0.11697 -3.67 2198 2 
NTDK3-13 70 32.8 0.47 20485 0.1374 0.00039 7.40372 0.07857 0.3908 0.004 0.964 0.47214 0.07753 -3.65 2195 5 
NTDK3-44 68 41.7 0.61 17054 0.13626 0.0002 7.34581 0.06531 0.391 0.00343 0.986 0.61761 0.07607 -2.84 2180 3 
NTDK3-38 2 58 29.8 0.51 9108 0.13508 0.00027 7.13334 0.05616 0.383 0.00291 0.966 0.51832 0.06391 -4.04 2165 3 
NTDK3-36 63 31.3 0.49 8857 0.13482 0.00026 7.22479 0.06351 0.38865 0.00333 0.976 0.50279 0.06189 -2.45 2162 3 
NTDK3-26 147 54.5 0.37 7530 0.1348 0.0003 7.25249 0.04848 0.39022 0.00246 0.943 0.37318 0.04607 -2.04 2161 4 
NTDK3-43 177 66.3 0.37 17624 0.13454 0.00026 6.78838 0.07337 0.36596 0.00389 0.984 0.37646 0.04749 -7.96 2158 3 
NTDK3-23 69 23.5 0.34 24827 0.13418 0.00027 7.09325 0.04772 0.38339 0.00246 0.955 0.34077 0.04209 -3.33 2153 3 
NTDK3-92 76 32 0.42 22609 0.13308 0.00019 7.06614 0.07406 0.38509 0.004 0.991 0.42156 0.05212 -2.14 2139 2 
NTDK3-60 59 23.5 0.40 10910 0.13293 0.00027 7.01385 0.06532 0.38267 0.00348 0.975 0.40366 0.04989 -2.65 2137 3 
NTDK3-37 114 48.4 0.42 20136 0.13279 0.00026 6.96063 0.05537 0.38018 0.00293 0.969 0.42843 0.05268 -3.18 2135 3 
NTDK3-15 143 61.5 0.43 24033 0.13254 0.00039 6.91947 0.07591 0.37863 0.004 0.963 0.43235 0.07102 -3.4 2132 5 
NTDK3-82 106 34.4 0.32 20238 0.13245 0.00023 6.8714 0.06695 0.37627 0.00361 0.984 0.32667 0.04044 -3.94 2131 3 
NTDK3-10 60 30.2 0.50 14124 0.13219 0.00033 6.85278 0.06775 0.37599 0.0036 0.968 0.51047 0.08453 -3.82 2127 4 
NTDK3-48 189 110.7 0.58 54879 0.13192 0.00017 6.90752 0.05592 0.37975 0.00304 0.988 0.59029 0.0727 -2.68 2124 2 
NTDK3-81 109 46 0.42 31313 0.13191 0.0002 6.83326 0.07518 0.3757 0.00409 0.99 0.42372 0.05266 -3.71 2124 3 
NTDK3-72 49 35.9 0.73 16077 0.13188 0.00035 6.80245 0.06404 0.3741 0.00338 0.958 0.73836 0.0911 -4.09 2123 4 
NTDK3-91 165 83.4 0.51 522232 0.13179 0.00017 6.99468 0.07141 0.38493 0.0039 0.992 0.50998 0.0633 -1.25 2122 2 
NTDK3-57 151 37.2 0.25 35721 0.1315 0.00027 7.03116 0.06833 0.38779 0.00369 0.978 0.2475 0.03079 -0.31 2118 3 
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NTDK3-80 44 13.7 0.31 12953 0.13151 0.00043 6.39614 0.06092 0.35274 0.00316 0.939 0.31229 0.04224 -9.32 2118 6 
NTDK3-103 44 11.6 0.26 9160 0.13126 0.00042 6.4913 0.06983 0.35867 0.00369 0.955 0.26729 0.03307 -7.63 2115 5 
NTDK3-03 127 73.4 0.58 28467 0.13118 0.00029 6.61476 0.0671 0.36572 0.00362 0.977 0.58042 0.09572 -5.75 2114 4 
NTDK3-28 143 82.1 0.57 22701 0.13113 0.00015 6.86655 0.06606 0.3798 0.00363 0.993 0.57607 0.07104 -2.09 2113 2 
NTDK3-105 98 73.1 0.74 8157 0.13092 0.00029 6.64896 0.0965 0.36833 0.00528 0.988 0.75249 0.09349 -4.9 2110 4 
NTDK3-25 77 52.7 0.68 14725 0.1308 0.00045 6.52354 0.05052 0.36173 0.0025 0.894 0.68894 0.08489 -6.52 2109 6 
NTDK3-50 210 96.9 0.46 9091 0.13078 0.00016 6.53852 0.07673 0.36261 0.00423 0.994 0.46484 0.0577 -6.28 2108 2 
NTDK3-73 178 166.1 0.93 60443 0.13049 0.00019 6.67922 0.0663 0.37124 0.00365 0.989 0.9401 0.11879 -3.84 2105 2 
NTDK3-30 117 122.2 1.04 13229 0.13045 0.00021 7.26117 0.03721 0.40372 0.00196 0.949 1.04761 0.12824 4.61 2104 3 
NTDK3-79 155 95.9 0.61 31803 0.13047 0.00022 6.67469 0.07717 0.37104 0.00424 0.989 0.62366 0.0801 -3.88 2104 3 
NTDK3-94 78 46.4 0.59 20361 0.13024 0.00021 6.62985 0.0633 0.36918 0.00347 0.986 0.59774 0.07379 -4.2 2101 3 
NTDK3-31 67 13.6 0.20 7228 0.13015 0.00035 6.72014 0.04136 0.37447 0.00207 0.898 0.20641 0.02658 -2.76 2100 5 
NTDK3-90 59 36.4 0.62 7081 0.13011 0.00029 6.55812 0.07349 0.36555 0.00402 0.981 0.62607 0.0776 -5.05 2100 4 
NTDK3-74 40 20.9 0.52 10067 0.12997 0.00032 6.61406 0.06512 0.36909 0.00352 0.968 0.52413 0.06529 -4.02 2098 4 
NTDK3-17 81 20.2 0.25 11307 0.12992 0.00044 6.56982 0.08705 0.36676 0.0047 0.967 0.25002 0.04096 -4.59 2097 5 
NTDK3-18 99 31.9 0.32 13617 0.12992 0.00032 6.5415 0.08433 0.36517 0.00462 0.981 0.32606 0.05415 -5.01 2097 4 
NTDK3-46 86 89.1 1.03 15489 0.12996 0.00024 6.67846 0.05564 0.37271 0.00303 0.975 1.04868 0.13351 -3.07 2097 3 
NTDK3-83 61 62.8 1.03 14173 0.12983 0.00022 6.63912 0.06075 0.37089 0.00333 0.982 1.03738 0.12698 -3.45 2096 3 
NTDK3-09 2 147 62.5 0.42 37933 0.12971 0.00036 6.68497 0.06016 0.3738 0.0032 0.952 0.42929 0.06927 -2.6 2094 5 
NTDK3-63 219 56.8 0.26 9632 0.12969 0.00022 6.27155 0.06545 0.35073 0.00361 0.987 0.26124 0.03348 -8.6 2094 3 
NTDK3-95 139 117.1 0.84 15419 0.12972 0.00024 6.53823 0.06167 0.36555 0.00338 0.981 0.85061 0.10562 -4.76 2094 3 
NTDK3-62 119 47.4 0.40 67347 0.1296 0.00015 6.66451 0.05936 0.37295 0.00329 0.992 0.40038 0.04905 -2.75 2093 2 
NTDK3-09 147 63.1 0.43 36143 0.12958 0.00039 6.65294 0.06501 0.37236 0.00346 0.951 0.43193 0.06967 -2.89 2092 5 
NTDK3-16 241 21.1 0.09 35939 0.12959 0.00032 6.65393 0.07044 0.37241 0.00384 0.973 0.08803 0.0145 -2.88 2092 4 
NTDK3-35 119 21.7 0.18 56092 0.12956 0.00022 6.66436 0.05156 0.37307 0.00282 0.977 0.18369 0.02255 -2.68 2092 3 
NTDK3-101 60 26.2 0.43 8722 0.12953 0.0003 6.6657 0.0736 0.37322 0.00403 0.977 0.44036 0.05453 -2.63 2092 4 
NTDK3-24 134 18.9 0.14 11281 0.1292 0.00025 6.36768 0.06752 0.35744 0.00373 0.984 0.14201 0.01826 -6.51 2087 3 
NTDK3-19 63 35.4 0.56 14599 0.12776 0.00039 6.46673 0.07352 0.36709 0.00402 0.962 0.56429 0.09259 -2.91 2067 5 
NTDK3-85 131 40.7 0.31 88788 0.12905 0.00023 6.60385 0.06056 0.37113 0.00334 0.981 0.31214 0.03815 -2.82 2085 3 
NTDK3-29 59 27.2 0.46 13228 0.12887 0.00029 6.52874 0.0559 0.36742 0.00304 0.965 0.46817 0.05859 -3.66 2083 4 
NTDK3-34 176 66.7 0.38 15559 0.12876 0.00025 6.09466 0.06492 0.3433 0.0036 0.983 0.38091 0.04787 -9.9 2081 3 
NTDK3-07 55 24.1 0.44 10833 0.12839 0.0004 6.43459 0.05539 0.36349 0.00292 0.933 0.44389 0.07113 -4.33 2076 5 
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NTDK3-12 99 47.5 0.48 15269 0.12785 0.00035 6.45033 0.068 0.36592 0.00373 0.966 0.48263 0.07884 -3.29 2069 5 
NTDK3-19 63 35.4 0.56 14599 0.12776 0.00039 6.46673 0.07352 0.36709 0.00402 0.962 0.56429 0.09259 -2.91 2067 5 
NTDK3-55 175 134.4 0.77 55797 0.12704 0.00017 6.33376 0.05343 0.36158 0.00301 0.987 0.77207 0.09529 -3.83 2057 2 
NTDK3-08 245 129.6 0.53 35695 0.12607 0.00035 5.98983 0.09445 0.34459 0.00535 0.985 0.53383 0.0865 -7.64 2044 5 
NTDK3-64 160 77.9 0.48 1647 0.12583 0.00054 6.31403 0.05885 0.36393 0.00302 0.889 0.48991 0.0602 -2.26 2041 7 
NTDK3-45 228 91.6 0.40 43462 0.12562 0.00016 6.02667 0.07677 0.34794 0.00441 0.995 0.40501 0.05096 -6.4 2038 2 
NTDK3-93 63 57.4 0.91 12515 0.11356 0.00032 4.9727 0.04597 0.31758 0.00279 0.951 0.92274 0.11301 -4.88 1857 5 
NTDK3-21 152 109.1 0.72 23720 0.11151 0.00058 4.88961 0.04524 0.31804 0.00243 0.826 0.72468 0.0895 -2.76 1824 9 
NTDK3-86 58 22.8 0.39 9761 0.10755 0.00027 4.54948 0.04963 0.3068 0.00326 0.974 0.39553 0.04862 -2.16 1758 4 
NTDK3-41 256 45.8 0.18 5713 0.10721 0.00031 4.30434 0.03996 0.2912 0.00257 0.949 0.18056 0.02371 -6.78 1752 5 
NTDK3-54 142 59.8 0.42 18143 0.10655 0.00021 4.3668 0.03342 0.29724 0.00219 0.965 0.42334 0.05168 -4.15 1741 4 
NTDK3-58 435 117.1 0.27 115019 0.09496 0.00011 3.46458 0.03038 0.26461 0.0023 0.991 0.27084 0.03334 -1.02 1527 2 
NTDK3-14 99 66.3 0.67 76312 0.09271 0.00032 3.25282 0.03657 0.25446 0.00273 0.953 0.67827 0.1115 -1.55 1482 6 
                 
NTDK237 
                
  ppm     Ratios                     Ages   
Name U Th Th/U 206Pb/204Pb 207Pb/206Pb* 1SE 207Pb/235U 1SE 206Pb/238U 1SE Rho 232Th/238U 1SE 
(%) 
Disc 207Pb/206Pb 1s 
NTDK237-14 170 105.2 0.62 39709 0.2164 0.00052 16.01987 0.23388 0.5369 0.00773 0.986 0.6247 0.10547 -7.64 2954 4 
NTDK237-91 86 92.6 1.07 18288 0.20826 0.00047 15.82827 0.18295 0.55122 0.00625 0.981 1.0844 0.14601 -2.64 2892 3 
NTDK237-13 77 44.2 0.57 28490 0.20327 0.00049 14.86359 0.21207 0.53034 0.00746 0.985 0.58076 0.09698 -4.72 2853 4 
NTDK237-60 187 208.4 1.11 101924 0.20188 0.0004 14.96871 0.22003 0.53775 0.00783 0.991 1.12538 0.15716 -2.92 2841 3 
NTDK237-77 243 121.1 0.50 55863 0.20132 0.00025 15.9946 0.16426 0.57622 0.00587 0.992 0.50275 0.0686 4.23 2837 2 
NTDK237-54 207 80.7 0.39 76536 0.18338 0.00032 12.81571 0.17919 0.50686 0.00703 0.992 0.39195 0.05496 -1.84 2684 3 
NTDK237-02 87 26.6 0.30 14680 0.18298 0.00039 12.45755 0.13417 0.49378 0.00521 0.98 0.30654 0.05141 -4.21 2680 3 
NTDK237-101 150 72.3 0.48 23286 0.18047 0.00036 12.65586 0.14519 0.5086 0.00574 0.985 0.48419 0.06581 -0.3 2657 3 
NTDK237-39 238 83.5 0.35 44148 0.17384 0.00028 11.33638 0.13502 0.47297 0.00558 0.991 0.35345 0.04974 -4.57 2595 3 
NTDK237-84 36 59.1 1.64 5167 0.17094 0.0006 11.06803 0.12295 0.4696 0.00495 0.949 1.63985 0.2228 -3.99 2567 6 
NTDK237-76 210 245.3 1.17 54699 0.17042 0.00033 11.3136 0.11328 0.48147 0.00473 0.982 1.17747 0.1593 -1.33 2562 3 
NTDK237-67 76 39.6 0.52 15099 0.16838 0.00039 11.06966 0.08365 0.4768 0.00343 0.952 0.528 0.07103 -1.35 2542 4 
NTDK237-57 198 116.1 0.59 25202 0.16671 0.0003 10.08023 0.16746 0.43853 0.00724 0.994 0.5892 0.08556 -8.54 2525 3 
NTDK237-70 26 51.8 2.00 3544 0.16329 0.00068 10.06398 0.10176 0.447 0.00412 0.911 2.01234 0.27038 -5.19 2490 7 
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NTDK237-93 163 87.7 0.54 26329 0.16317 0.00033 10.50658 0.126 0.46701 0.00552 0.986 0.54222 0.0744 -0.89 2489 3 
NTDK237-63 103 76.2 0.74 23853 0.1611 0.00028 10.46942 0.0834 0.47133 0.00367 0.976 0.7478 0.10046 1.08 2467 3 
NTDK237-56 35 7.6 0.22 7556 0.1409 0.00058 7.73691 0.12067 0.39826 0.00599 0.965 0.21897 0.03115 -4.06 2238 7 
NTDK237-53 229 81 0.35 46533 0.14009 0.00026 7.64772 0.11637 0.39593 0.00598 0.992 0.35641 0.05141 -4.12 2228 3 
NTDK237-94 65 51 0.78 13827 0.1395 0.00043 7.95169 0.10472 0.41341 0.00529 0.972 0.78906 0.10835 0.5 2221 5 
NTDK237-58 56 18.1 0.32 14464 0.13759 0.00045 7.27923 0.12453 0.3837 0.00644 0.981 0.32735 0.05028 -5.52 2197 5 
NTDK237-88 100 43.5 0.43 14457 0.13701 0.0003 7.34934 0.06972 0.38905 0.00359 0.974 0.4397 0.05879 -3.82 2190 4 
NTDK237-82 59 23.7 0.40 10076 0.13695 0.00034 7.48212 0.07444 0.39624 0.00382 0.968 0.40252 0.05419 -2.01 2189 4 
NTDK237-83 45 22 0.49 5943 0.13684 0.00045 7.69248 0.11043 0.40773 0.0057 0.973 0.49429 0.06789 0.92 2188 6 
NTDK237-22 169 66.7 0.39 26315 0.13616 0.0002 6.95191 0.10115 0.37029 0.00536 0.995 0.39841 0.05734 -7.93 2179 3 
NTDK237-35 57 17.9 0.31 10631 0.13578 0.0004 7.03089 0.07371 0.37554 0.00378 0.961 0.31562 0.04396 -6.37 2174 5 
NTDK237-09 56 24 0.43 44078 0.13556 0.00043 6.78336 0.10147 0.36293 0.00531 0.977 0.42809 0.07456 -9.37 2171 5 
NTDK237-72 150 68.6 0.46 31471 0.13473 0.00024 7.52405 0.07029 0.40504 0.00372 0.982 0.45945 0.06159 1.73 2160 3 
NTDK237-46 149 93.1 0.62 47404 0.1339 0.00026 7.11324 0.08841 0.3853 0.00473 0.987 0.63064 0.08819 -2.65 2150 3 
NTDK237-16 118 44.4 0.37 12586 0.13322 0.00038 6.65503 0.08965 0.36231 0.00477 0.978 0.37816 0.06141 -8.02 2141 5 
NTDK237-52 82 41.2 0.50 14017 0.13312 0.00034 7.00299 0.09776 0.38153 0.00524 0.983 0.50672 0.07102 -3.07 2140 4 
NTDK237-87 104 28.1 0.27 919929 0.13318 0.00028 7.05898 0.06747 0.3844 0.00358 0.976 0.27218 0.03841 -2.38 2140 4 
NTDK237-92 124 46.8 0.38 18547 0.13299 0.00031 7.08897 0.08351 0.38659 0.00446 0.98 0.38047 0.0512 -1.69 2138 4 
NTDK237-42 185 84 0.45 12281 0.13296 0.00034 6.56345 0.1123 0.35802 0.00606 0.989 0.457 0.06757 -8.94 2137 4 
NTDK237-69 150 55.9 0.37 17027 0.13276 0.00023 7.00349 0.05746 0.3826 0.00307 0.977 0.37433 0.05095 -2.54 2135 3 
NTDK237-17 36 29.6 0.82 7193 0.13272 0.00051 6.90787 0.09477 0.37749 0.00497 0.96 0.82285 0.13744 -3.82 2134 6 
NTDK237-73 63 34.2 0.54 9421 0.13261 0.00035 6.97173 0.06173 0.3813 0.00323 0.956 0.54686 0.07439 -2.77 2133 4 
NTDK237-98 72 25.9 0.36 11794 0.13225 0.00032 7.04744 0.08359 0.38648 0.00449 0.979 0.36142 0.04919 -1.19 2128 4 
NTDK237-12 54 18.6 0.34 12531 0.13208 0.0004 6.90657 0.09014 0.37924 0.00481 0.972 0.34944 0.05851 -2.92 2126 5 
NTDK237-18 67 21 0.31 32435 0.13153 0.0005 6.4422 0.09574 0.35522 0.00511 0.967 0.31473 0.05172 -8.7 2119 6 
NTDK237-59 118 37.8 0.32 69322 0.13116 0.00033 6.85312 0.10082 0.37896 0.00549 0.985 0.32325 0.04565 -2.33 2114 4 
NTDK237-99 207 54.1 0.26 887498 0.13037 0.00028 6.98631 0.07956 0.38866 0.00435 0.982 0.26359 0.03585 0.76 2103 4 
NTDK237-45 43 46.1 1.07 8121 0.12894 0.00048 6.36126 0.08077 0.3578 0.00435 0.957 1.08478 0.15022 -6.23 2084 6 
NTDK237-34 138 56.9 0.41 21043 0.12807 0.00028 6.38816 0.06581 0.36177 0.00364 0.977 0.41612 0.05787 -4.54 2072 4 
NTDK237-80 129 95.7 0.74 22897 0.12803 0.00025 6.52976 0.05762 0.36989 0.00319 0.976 0.74796 0.10021 -2.38 2071 3 
NTDK237-78 123 95.7 0.78 15020 0.12768 0.00023 6.52249 0.05737 0.3705 0.00319 0.979 0.78517 0.10555 -1.95 2066 3 
NTDK237-21 63 53.3 0.84 7498 0.12726 0.00033 6.06819 0.05809 0.34582 0.00319 0.963 0.85781 0.11964 -8.18 2061 4 
262 
 
NTDK237-64 205 168.4 0.82 30586 0.12707 0.0002 6.7246 0.05434 0.38381 0.00304 0.98 0.82661 0.11278 2.06 2058 3 
NTDK237-05 67 35.1 0.52 21073 0.12433 0.00033 6.2036 0.06785 0.36187 0.00384 0.97 0.52501 0.08825 -1.63 2019 4 
NTDK237-36 207 72.3 0.34 23115 0.12228 0.00023 5.90785 0.06378 0.35041 0.00372 0.985 0.35185 0.04909 -3.09 1990 3 
NTDK237-44 161 127.4 0.79 17290 0.12197 0.00026 5.93808 0.07111 0.35311 0.00416 0.984 0.79761 0.11156 -2.09 1985 4 
NTDK237-85 84 65.8 0.78 39554 0.12191 0.00031 5.96949 0.06254 0.35513 0.00361 0.97 0.79231 0.10765 -1.48 1984 4 
NTDK237-03 62 42 0.67 10209 0.12122 0.00027 5.80764 0.06315 0.34747 0.0037 0.979 0.67655 0.11384 -3.03 1974 4 
NTDK237-07 19 21.9 1.15 2269 0.12047 0.00056 5.81433 0.0699 0.35005 0.00388 0.923 1.15306 0.1932 -1.67 1963 8 
NTDK237-01 113 54.3 0.48 8091 0.11622 0.00041 5.30565 0.05689 0.33109 0.00335 0.945 0.48243 0.08067 -3.35 1899 6 
NTDK237-81 46 47.6 1.03 6754 0.11513 0.00046 5.21889 0.05663 0.32877 0.00332 0.93 1.04433 0.14118 -3.02 1882 7 
NTDK237-38 92 90.9 0.98 8300 0.11454 0.00027 4.94792 0.05606 0.31331 0.00347 0.977 0.99955 0.13958 -7.05 1873 4 
NTDK237-48 167 89.8 0.53 22270 0.11065 0.00022 4.84766 0.06281 0.31774 0.00407 0.989 0.54175 0.07633 -1.99 1810 3 
NTDK237-100 81 67.9 0.83 24474 0.11046 0.00032 4.87907 0.05564 0.32036 0.00353 0.967 0.83924 0.113 -0.98 1807 5 
NTDK237-26 103 52.8 0.51 11649 0.1102 0.00028 4.64575 0.04546 0.30575 0.00289 0.966 0.51532 0.07194 -5.24 1803 4 
NTDK237-49 75 24.6 0.32 21358 0.10986 0.00035 4.69088 0.0612 0.30967 0.00392 0.97 0.33113 0.04637 -3.69 1797 5 
NTDK237-50 72 34.9 0.48 9342 0.10892 0.00038 4.64529 0.06117 0.30933 0.00393 0.964 0.4898 0.06831 -2.82 1781 6 
NTDK237-65 103 129.9 1.26 12463 0.10595 0.00027 4.47021 0.03822 0.30601 0.0025 0.956 1.26737 0.17073 -0.65 1731 4 
NTDK237-06 42 37.6 0.89 6929 0.10561 0.00036 4.43691 0.05336 0.30471 0.00352 0.96 0.91055 0.15355 -0.68 1725 6 
NTDK237-64 205 168.4 0.82 30586 0.12707 0.0002 6.7246 0.05434 0.38381 0.00304 0.98 0.82661 0.11278 2.06 2058 3 
NTDK237-79 34 46.6 1.37 3283 0.10563 0.00068 4.30476 0.0473 0.29556 0.00262 0.808 1.39824 0.18645 -3.69 1725 11 
NTDK237-89 247 177.5 0.71 16053 0.10537 0.00021 4.30096 0.10011 0.29603 0.00686 0.996 0.72477 0.10611 -3.25 1721 4 
NTDK237-96 41 16.9 0.41 4231 0.10419 0.00059 3.9857 0.05796 0.27744 0.00371 0.92 0.41515 0.05752 -8.06 1700 10 
NTDK237-86 38 22.4 0.58 3891 0.10084 0.00048 3.97029 0.04085 0.28556 0.0026 0.886 0.59322 0.08069 -1.4 1640 8 
NTDK237-41 234 80.3 0.34 33929 0.09584 0.00016 3.559 0.04128 0.26933 0.00309 0.989 0.34629 0.04841 -0.52 1545 3 
NTDK237-33 223 79.3 0.35 8486 0.09509 0.00019 3.16785 0.04621 0.24162 0.00349 0.991 0.35795 0.04975 -9.79 1530 4 
NTDK237-71 412 108.5 0.26 24217 0.09106 0.00022 3.03139 0.02309 0.24144 0.00174 0.947 0.26496 0.03543 -4.13 1448 5 
NTDK237-15 58 24.8 0.42 7180 0.09063 0.00034 3.03296 0.04041 0.24271 0.0031 0.959 0.43348 0.07224 -2.95 1439 7 
NTDK237-37 222 117.3 0.52 16054 0.07862 0.00019 2.10093 0.0225 0.1938 0.00202 0.974 0.53185 0.07411 -1.94 1163 5 
                 
NTDK260 
                
  ppm     Ratios                     Ages   
Name U Th Th/U 206Pb/204Pb 207Pb/206Pb* 1SE 207Pb/235U 1SE 206Pb/238U 1SE Rho 232Th/238U 1SE 
(%) 
Disc 207Pb/206Pb 1s 
263 
 
NTDK260-06 121 29.5 0.24 66545 0.13405 0.00035 7.31369 0.07282 0.39572 0.0038 0.966 0.24486 0.03293 -0.13 2152 4 
NTDK260-38 61 16.4 0.27 14960 0.13186 0.00042 6.83055 0.05814 0.37571 0.00297 0.927 0.27238 0.0367 -3.67 2123 5 
NTDK260-14 91 60.4 0.66 2379 0.12926 0.00046 6.70111 0.04947 0.37599 0.00243 0.877 0.66685 0.08953 -1.7 2088 6 
NTDK260-54 75 39.8 0.53 2955 0.12895 0.00054 6.21914 0.03773 0.3498 0.00154 0.725 0.53796 0.09521 -8.33 2084 7 
NTDK260-39 68 47.6 0.70 6454 0.12431 0.00038 6.16676 0.06103 0.35979 0.00338 0.95 0.70746 0.09509 -2.18 2019 5 
NTDK260-44 73 67.4 0.92 10186 0.12228 0.00055 5.93628 0.04358 0.35208 0.00203 0.787 0.92876 0.16247 -2.64 1990 8 
NTDK260-99 80 39.7 0.49 15819 0.12168 0.00051 5.82644 0.05705 0.34728 0.00307 0.903 0.50016 0.08704 -3.47 1981 7 
NTDK260-36 321 97.2 0.30 4481 0.12006 0.00034 5.56749 0.05351 0.33633 0.00309 0.956 0.30528 0.04127 -5.18 1957 5 
NTDK260-10 296 219.5 0.74 6829 0.11931 0.00028 5.31104 0.03583 0.32285 0.00204 0.938 0.74651 0.1007 -8.38 1946 4 
NTDK260-92 210 167.3 0.79 5005 0.11908 0.00048 5.24549 0.04258 0.31947 0.00224 0.865 0.80096 0.14267 -9.15 1943 7 
NTDK260-46 136 44.9 0.33 35670 0.11886 0.00029 5.69429 0.05782 0.34747 0.00343 0.971 0.33123 0.06303 -0.99 1939 4 
NTDK260-68 104 48.5 0.47 17643 0.118 0.00036 5.43944 0.03862 0.33433 0.00214 0.904 0.46838 0.0815 -3.99 1926 5 
NTDK260-09 254 110.1 0.43 58326 0.11503 0.00026 5.36232 0.03607 0.3381 0.00214 0.942 0.43666 0.0643 -0.17 1880 4 
NTDK260-69 194 164.5 0.85 5072 0.11444 0.00043 5.1016 0.03755 0.32332 0.00205 0.863 0.85441 0.14937 -3.99 1871 7 
NTDK260-41 347 23.1 0.07 147139 0.11433 0.00026 5.23285 0.02934 0.33196 0.0017 0.911 0.06688 0.01168 -1.32 1869 4 
NTDK260-85 111 66.2 0.60 5188 0.11222 0.00042 4.77197 0.03378 0.30841 0.00186 0.851 0.60118 0.10606 -6.38 1836 7 
NTDK260-75 133 92.6 0.70 20527 0.111 0.00032 4.68603 0.03286 0.30617 0.00195 0.91 0.70034 0.12146 -5.9 1816 5 
NTDK260-35 155 84.7 0.54 23231 0.11028 0.00033 4.81686 0.04597 0.31679 0.00287 0.95 0.55222 0.07413 -1.9 1804 5 
NTDK260-93 130 82.4 0.63 38548 0.1099 0.00045 4.609 0.03626 0.30416 0.00204 0.853 0.63653 0.11256 -5.44 1798 7 
NTDK260-52 82 48.1 0.58 37767 0.10908 0.00036 4.37622 0.02649 0.29098 0.00147 0.834 0.59324 0.10369 -8.74 1784 6 
NTDK260-21 102 68.6 0.67 33955 0.10884 0.00028 4.59286 0.03595 0.30606 0.00226 0.944 0.6775 0.09075 -3.76 1780 5 
NTDK260-12 137 58.9 0.43 385202 0.10842 0.00031 4.71099 0.04166 0.31513 0.00264 0.947 0.43306 0.0586 -0.47 1773 5 
NTDK260-107 135 63.5 0.47 4023 0.1084 0.00029 4.42144 0.0427 0.29581 0.00274 0.96 0.47543 0.07048 -6.55 1773 5 
NTDK260-02 135 52.2 0.39 19270 0.10783 0.00031 4.62573 0.04615 0.31114 0.00297 0.956 0.3896 0.05238 -1.08 1763 5 
NTDK260-01 181 85.9 0.47 10102 0.09959 0.00025 3.55761 0.03673 0.25908 0.00259 0.969 0.47807 0.064 -9.09 1616 5 
NTDK260-22 99 41.9 0.42 3861 0.09942 0.00032 3.62064 0.02526 0.26414 0.00163 0.885 0.42549 0.05712 -7.11 1613 6 
NTDK260-88 266 171.2 0.64 5903 0.09926 0.00037 3.66513 0.03027 0.2678 0.00198 0.894 0.64871 0.11907 -5.63 1610 7 
NTDK260-72 127 95.3 0.75 9589 0.09714 0.00037 3.62869 0.03699 0.27092 0.00256 0.926 0.75741 0.13143 -1.75 1570 7 
NTDK260-45 108 111.5 1.03 19089 0.09699 0.00027 3.47615 0.02077 0.25995 0.00137 0.881 1.038 0.20224 -5.53 1567 5 
NTDK260-18 52 38.3 0.73 3849 0.09652 0.00043 3.39979 0.03754 0.25546 0.00258 0.915 0.7478 0.10077 -6.56 1558 8 
NTDK260-74 42 62.7 1.49 3387 0.09581 0.00049 3.3406 0.02591 0.25287 0.00146 0.747 1.49787 0.25636 -6.57 1544 9 
NTDK260-11 268 80.2 0.30 33915 0.09577 0.00034 3.52979 0.02945 0.26731 0.00202 0.905 0.30126 0.04035 -1.17 1543 7 
264 
 
NTDK260-77 80 26 0.33 14755 0.09549 0.00031 3.41153 0.03051 0.25912 0.00216 0.931 0.32655 0.05682 -3.81 1538 6 
NTDK260-83 303 142.3 0.47 14718 0.09283 0.00084 3.16222 0.04546 0.24706 0.00276 0.778 0.47251 0.08502 -4.59 1484 17 
NTDK260-07 298 158.8 0.53 2513 0.09067 0.0003 3.06712 0.03149 0.24534 0.00238 0.947 0.53645 0.0733 -1.96 1440 6 
NTDK260-16 92 53.9 0.58 9186 0.08811 0.00069 2.75909 0.0285 0.22711 0.00154 0.657 0.58931 0.08865 -5.24 1385 14 
NTDK260-50 213 93.2 0.44 4556 0.0877 0.00034 2.64993 0.02106 0.21915 0.00151 0.869 0.44149 0.07583 -7.89 1376 7 
NTDK260-106 79 30.4 0.38 5145 0.08521 0.00039 2.41217 0.01977 0.20532 0.00139 0.825 0.38588 0.05784 -9.66 1320 9 
NTDK260-95 132 98.4 0.74 23224 0.08509 0.00037 2.61213 0.02518 0.22264 0.00192 0.894 0.74989 0.12983 -1.83 1318 8 
NTDK260-90 92 33.3 0.36 11918 0.08266 0.00036 2.26847 0.01908 0.19905 0.00143 0.854 0.365 0.06387 -7.88 1261 8 
NTDK260-37 60 24.6 0.41 17360 0.08261 0.00043 2.52628 0.02627 0.22178 0.00199 0.864 0.41015 0.05586 2.73 1260 10 
NTDK260-82 228 53.7 0.24 8312 0.08178 0.00026 2.19725 0.01382 0.19486 0.00106 0.866 0.23717 0.04078 -8.16 1240 6 
NTDK260-103 307 71.1 0.23 14209 0.08175 0.00018 2.30725 0.01647 0.2047 0.00139 0.95 0.23317 0.0346 -3.44 1239 4 
NTDK260-58 111 38.7 0.35 7664 0.0814 0.00026 2.32535 0.02325 0.20718 0.00196 0.948 0.34983 0.06162 -1.55 1231 6 
NTDK260-62 115 55 0.47 3465 0.08031 0.00031 2.16432 0.01647 0.19546 0.00128 0.857 0.48297 0.08396 -4.87 1205 7 
NTDK260-118 247 94.2 0.38 1903 0.07991 0.00024 2.08034 0.01359 0.18881 0.0011 0.889 0.38477 0.05789 -7.28 1195 6 
NTDK260-13 122 89.1 0.73 2925 0.07982 0.00052 2.17421 0.0181 0.19755 0.00102 0.618 0.73581 0.09872 -2.79 1193 12 
NTDK260-34 103 114.9 1.11 20251 0.07976 0.00032 2.20072 0.02423 0.20012 0.00205 0.931 1.12838 0.15324 -1.38 1191 8 
NTDK260-98 192 75.4 0.39 11823 0.07956 0.00035 2.10851 0.02119 0.1922 0.00173 0.897 0.39497 0.07385 -4.87 1186 9 
NTDK260-111 166 110.4 0.66 1539 0.07711 0.00047 1.89208 0.01532 0.17796 0.00094 0.653 0.67142 0.09983 -6.58 1124 12 
NTDK260-17 157 70.5 0.44 12369 0.07708 0.00024 1.93954 0.01702 0.18251 0.0015 0.935 0.45213 0.06075 -4.11 1123 6 
                 
NTDK60 
                
  ppm     Ratios                     Ages   
Name U Th Th/U 206Pb/204Pb 207Pb/206Pb* 1SE 207Pb/235U 1SE 206Pb/238U 1SE Rho 232Th/238U 1SE 
(%) 
Disc 207Pb/206Pb 1s 
NTDK60-14 206 86.9 0.42 35092 0.23799 0.00026 20.40699 0.29619 0.62191 0.009 0.997 0.42527 0.06884 0.44 3107 2 
NTDK60-103 94 91.7 0.97 28217 0.18848 0.00056 13.23619 0.11753 0.50933 0.00426 0.942 0.98031 0.1464 -3.36 2729 5 
NTDK60-72 180 58.6 0.33 84389 0.1877 0.00043 13.75294 0.11056 0.5314 0.0041 0.959 0.32749 0.04915 1.14 2722 4 
NTDK60-30 346 315.9 0.91 2443 0.16378 0.0003 10.84669 0.22105 0.48031 0.00975 0.996 0.91935 0.15285 1.62 2495 3 
NTDK60-94 81 39.3 0.48 25959 0.13633 0.00044 6.95246 0.06322 0.36988 0.00314 0.933 0.49052 0.07303 -8.13 2181 6 
NTDK60-01 102 36.7 0.36 13701 0.13557 0.00026 7.20107 0.08797 0.38525 0.00465 0.988 0.36339 0.05694 -3.81 2171 3 
NTDK60-105 56 22 0.39 9314 0.13187 0.00043 6.96771 0.06248 0.38321 0.0032 0.932 0.39219 0.05835 -1.75 2123 5 
NTDK60-75 206 83.1 0.40 315588 0.13166 0.00032 7.00734 0.0576 0.38601 0.00303 0.956 0.40644 0.06089 -0.88 2120 4 
265 
 
NTDK60-28 119 47.3 0.39 11451 0.13101 0.00033 6.77995 0.12133 0.37535 0.00665 0.99 0.401 0.06666 -3.15 2112 4 
NTDK60-87 100 34.3 0.34 24369 0.12959 0.00038 7.12284 0.08408 0.39863 0.00456 0.968 0.34406 0.05109 3.95 2092 5 
NTDK60-04 265 149.9 0.56 20646 0.12852 0.00041 6.49684 0.07499 0.36663 0.00407 0.962 0.56987 0.09001 -3.6 2078 5 
NTDK60-26 245 121.6 0.49 2661 0.1261 0.00033 5.88143 0.10012 0.33827 0.00569 0.988 0.50016 0.08332 -9.35 2044 4 
NTDK60-10 108 90 0.83 8800 0.12591 0.00068 6.21286 0.08088 0.35787 0.00423 0.909 0.83825 0.12782 -3.96 2042 9 
NTDK60-42 208 276.7 1.33 25834 0.12255 0.0005 6.10293 0.12864 0.36118 0.00747 0.981 1.34262 0.21448 -0.35 1994 7 
NTDK60-89 46 21.9 0.47 4360 0.12216 0.00052 5.81703 0.07113 0.34536 0.00396 0.937 0.4845 0.07404 -4.39 1988 8 
NTDK60-52 71 49.4 0.69 32199 0.12174 0.00026 5.9854 0.04647 0.35659 0.00266 0.961 0.70481 0.1053 -0.93 1982 4 
NTDK60-93 144 56.9 0.39 20636 0.12153 0.00035 5.9947 0.06001 0.35775 0.00343 0.958 0.39829 0.05923 -0.43 1979 5 
NTDK60-60 36 62.7 1.74 9514 0.12085 0.00035 5.90856 0.04113 0.3546 0.00224 0.909 1.75219 0.26053 -0.72 1969 5 
NTDK60-96 224 57.8 0.26 37276 0.11789 0.00032 5.63545 0.05157 0.3467 0.00303 0.954 0.25975 0.03865 -0.34 1924 5 
NTDK60-08 63 68.3 1.08 14482 0.11646 0.00054 5.18233 0.06612 0.32275 0.00384 0.932 1.09455 0.16895 -5.99 1903 8 
NTDK60-56 65 59.3 0.91 24283 0.116 0.00028 5.42696 0.03915 0.3393 0.0023 0.94 0.9157 0.13539 -0.74 1896 4 
NTDK60-36 153 170.8 1.11 31003 0.11596 0.00023 5.15652 0.10056 0.32252 0.00626 0.995 1.1241 0.17607 -5.61 1895 3 
NTDK60-76 189 123 0.65 1693 0.11585 0.00037 4.97872 0.04947 0.31169 0.00293 0.947 0.65612 0.09696 -8.69 1893 5 
NTDK60-102 92 65.9 0.71 10733 0.11334 0.00037 5.15446 0.04906 0.32982 0.00295 0.94 0.71756 0.10773 -1 1854 6 
NTDK60-02 292 120 0.41 20175 0.11149 0.00015 4.78517 0.05402 0.31128 0.00349 0.993 0.41364 0.06469 -4.81 1824 2 
NTDK60-98 118 58.2 0.49 79560 0.11136 0.00035 5.05273 0.04069 0.32907 0.00244 0.923 0.49733 0.07416 0.76 1822 5 
NTDK60-24 196 127.2 0.64 2190 0.1108 0.00045 4.77637 0.07594 0.31265 0.0048 0.966 0.65342 0.10797 -3.71 1813 7 
NTDK60-41 88 79 0.89 10882 0.11072 0.00031 4.50204 0.09181 0.2949 0.00596 0.991 0.9062 0.14098 -9.1 1811 5 
NTDK60-50 162 59.6 0.36 45766 0.11049 0.00022 5.11168 0.05669 0.33554 0.00366 0.984 0.37046 0.05842 3.68 1807 3 
NTDK60-40 177 165.8 0.93 2599 0.10851 0.0006 4.30825 0.09258 0.28796 0.00598 0.967 0.94637 0.15595 -9.13 1775 10 
NTDK60-79 89 73.9 0.83 25824 0.10851 0.00029 4.75978 0.04476 0.31814 0.00287 0.959 0.83574 0.12415 0.39 1775 5 
NTDK60-22 312 227.4 0.72 14894 0.10838 0.00019 4.75447 0.07615 0.31817 0.00506 0.994 0.73295 0.11854 0.55 1772 3 
NTDK60-59 223 106.5 0.47 34033 0.10804 0.00023 4.60563 0.03616 0.30917 0.00234 0.963 0.48162 0.07133 -1.94 1767 4 
NTDK60-55 153 103.2 0.67 1931 0.10719 0.00047 4.15696 0.05801 0.28128 0.00372 0.949 0.68096 0.10358 -9.94 1752 8 
NTDK60-13 252 317 1.25 1056 0.10659 0.00159 4.14109 0.08847 0.28177 0.0043 0.714 1.26924 0.21697 -9.18 1742 27 
NTDK60-90 271 86.2 0.32 2967 0.10527 0.00037 4.26828 0.06099 0.29407 0.00407 0.969 0.32037 0.04794 -3.77 1719 6 
NTDK60-33 254 271.7 1.06 2046 0.10358 0.0008 3.86235 0.07318 0.27044 0.00468 0.914 1.07915 0.17903 -9.73 1689 13 
NTDK60-71 333 190.4 0.57 1830 0.10172 0.00044 3.92181 0.03228 0.27963 0.00195 0.847 0.57566 0.09079 -4.52 1656 8 
NTDK60-67 448 133.3 0.30 1243 0.0998 0.00072 3.6854 0.04774 0.26782 0.00289 0.832 0.29948 0.04677 -6.28 1620 13 
NTDK60-27 341 231.3 0.68 20457 0.09632 0.00015 3.44877 0.05763 0.25968 0.00432 0.995 0.68326 0.10821 -4.75 1554 3 
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NTDK60-51 202 52.5 0.26 9102 0.09624 0.00021 3.60124 0.03495 0.2714 0.00256 0.973 0.26222 0.03967 -0.32 1552 4 
NTDK60-65 135 34.2 0.25 58842 0.09605 0.00024 3.48355 0.02759 0.26304 0.00198 0.95 0.25486 0.03814 -3.14 1549 4 
NTDK60-104 88 33.9 0.38 20872 0.09596 0.00217 3.6727 0.09174 0.27759 0.00296 0.427 0.38998 0.06185 2.35 1547 41 
NTDK60-54 60 47.4 0.79 16776 0.0953 0.00032 3.46286 0.021 0.26354 0.00133 0.834 0.8022 0.11948 -1.9 1534 6 
NTDK60-97 84 32.7 0.39 20646 0.095 0.00033 3.46961 0.02962 0.26488 0.00207 0.915 0.39039 0.058 -0.98 1528 6 
NTDK60-77 139 28.6 0.21 32831 0.09427 0.00029 3.33613 0.02719 0.25667 0.00194 0.928 0.20721 0.03115 -3.01 1513 5 
NTDK60-86 76 23.5 0.31 7072 0.0935 0.00039 3.10849 0.02064 0.24113 0.00125 0.778 0.30996 0.0459 -7.82 1498 8 
NTDK60-39 400 143.8 0.35 2075 0.09285 0.00019 3.26358 0.06922 0.25492 0.00538 0.996 0.36161 0.05921 -1.58 1485 4 
NTDK60-63 244 94.3 0.38 2933 0.08917 0.00025 3.07136 0.02232 0.24981 0.00167 0.92 0.38961 0.05877 2.36 1408 5 
NTDK60-18 109 43.8 0.40 5626 0.0884 0.00035 2.7928 0.04154 0.22913 0.00328 0.964 0.40399 0.06235 -4.88 1391 7 
NTDK60-88 65 45.3 0.70 11538 0.08681 0.00033 2.83789 0.02309 0.23709 0.0017 0.883 0.69619 0.10378 1.25 1356 7 
NTDK60-101 169 38.6 0.2 32180 0.08682 0.00027 2.81172 0.02664 0.23489 0.00211 0.947 0.23091 0.03447 0.3 1356 6 
NTDK60-35 440 268.1 0.61 1803 0.0848 0.00062 2.61655 0.05088 0.22378 0.00403 0.926 0.6141 0.10266 -0.78 1311 14 
NTDK60-32 101 99.8 1.00 8404 0.08395 0.00036 2.50091 0.04549 0.21607 0.00382 0.972 0.99366 0.15545 -2.57 1291 8 
NTDK60-90 271 86.2 0.32 2967 0.10527 0.00037 4.26828 0.06099 0.29407 0.00407 0.969 0.32037 0.04794 -3.77 1719 6 
NTDK60-45 228 114.9 0.50 48325 0.08321 0.00058 2.33965 0.05732 0.20393 0.00479 0.959 0.50828 0.0805 -6.68 1274 13 
NTDK60-84 87 23 0.26 18598 0.08297 0.00032 2.3773 0.02097 0.20782 0.00165 0.902 0.26717 0.03967 -4.43 1268 7 
NTDK60-19 280 92.1 0.33 12739 0.08167 0.00021 2.3429 0.03683 0.20807 0.00323 0.986 0.33089 0.0519 -1.69 1238 5 
NTDK60-16 213 73.2 0.34 13105 0.08144 0.00021 2.28566 0.03417 0.20355 0.003 0.986 0.34646 0.05474 -3.35 1232 5 
NTDK60-37 614 171.5 0.29 7138 0.08128 0.00035 2.16765 0.04589 0.19342 0.00401 0.979 0.28131 0.04724 -7.84 1228 8 
NTDK60-64 163 48.4 0.30 16799 0.08065 0.00026 2.23533 0.01627 0.20102 0.00131 0.898 0.29855 0.04396 -2.9 1213 6 
NTDK60-61 173 51.7 0.30 45602 0.08037 0.00022 2.23148 0.01716 0.20137 0.00145 0.936 0.30127 0.04458 -2.13 1206 5 
NTDK60-99 408 115.8 0.28 361573 0.08018 0.00021 2.26384 0.01612 0.20478 0.00135 0.927 0.28593 0.04282 -0.04 1201 5 
NTDK60-91 64 72.8 1.14 11076 0.07942 0.00037 2.13912 0.01851 0.19535 0.00143 0.845 1.14865 0.17075 -2.98 1183 9 
NTDK60-66 293 63.6 0.21 56572 0.07889 0.00021 2.15289 0.01799 0.19791 0.00157 0.948 0.21859 0.03266 -0.5 1169 5 
NTDK60-53 164 27.8 0.16 19709 0.0779 0.00016 2.094 0.01602 0.19496 0.00143 0.961 0.17089 0.02533 0.38 1144 4 
NTDK60-106 229 222.6 0.97 2487 0.07777 0.00046 2.00612 0.01927 0.18709 0.00142 0.79 0.97861 0.14502 -3.38 1141 11 
NTDK60-48 310 29.1 0.09 31146 0.07751 0.00016 2.06922 0.01766 0.19361 0.00161 0.972 0.09466 0.01411 0.62 1134 4 
NTDK60-49 170 49.3 0.29 18647 0.0773 0.00019 2.01949 0.01564 0.18947 0.00139 0.947 0.2931 0.04376 -1.01 1129 5 
NTDK60-74 109 30.2 0.28 17084 0.07179 0.00024 1.64369 0.01542 0.16606 0.00146 0.935 0.27865 0.04153 1.15 980 7 
NTDK60-81 45 36.7 0.81 5962 0.07178 0.00044 1.64382 0.01611 0.1661 0.00127 0.779 0.83064 0.1236 1.21 980 12 
NTDK60-100 8 7.3 0.91 1127 0.0715 0.00292 1.67346 0.07461 0.16974 0.00304 0.402 0.87924 0.13773 4.31 972 79 
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NTDK165C 
                
  ppm     Ratios                     Ages   
Name U Th Th/U 206Pb/204Pb 207Pb/206Pb* 1SE 207Pb/235U 1SE 206Pb/238U 1SE Rho 232Th/238U 1SE 
(%) 
Disc 207Pb/206Pb 1s 
NTDK165C-21 47 38.3 0.81 34200 0.22179 0.00052 16.5896 0.16917 0.54249 0.00538 0.973 0.82087 0.15918 -8.22 2994 3 
NTDK165C-60 496 128.2 0.26 15031 0.21376 0.00044 15.71619 0.15697 0.53324 0.00521 0.979 0.26054 0.02961 -7.5 2934 3 
NTDK165C-25 97 54.5 0.56 39045 0.20394 0.00043 15.25808 0.16257 0.54263 0.00566 0.98 0.56693 0.10989 -2.74 2858 3 
NTDK165C-91 131 55.7 0.42 11245 0.20165 0.00064 15.23154 0.18383 0.54783 0.00638 0.964 0.42768 0.04918 -1.02 2840 5 
NTDK165C-97 40 19.1 0.47 4363 0.20135 0.00106 14.19741 0.21204 0.5114 0.00715 0.936 0.48739 0.05521 -7.5 2837 8 
NTDK165C-56 163 95.1 0.58 47533 0.19908 0.00069 14.6874 0.16693 0.53508 0.00579 0.953 0.58635 0.06612 -2.43 2819 6 
NTDK165C-05 22 26.5 1.20 8685 0.1922 0.00061 13.11549 0.11875 0.49491 0.00419 0.936 1.22326 0.23641 -7.44 2761 5 
NTDK165C-32 33 15.5 0.46 19535 0.18869 0.00069 13.21096 0.1494 0.50779 0.00543 0.946 0.4766 0.09478 -3.73 2731 6 
NTDK165C-34 60 46.1 0.76 37074 0.18631 0.00049 13.0254 0.14336 0.50705 0.00542 0.971 0.7765 0.1507 -2.96 2710 4 
NTDK165C-06 31 22.8 0.73 9774 0.16606 0.00053 9.97837 0.07165 0.43582 0.0028 0.896 0.74454 0.1437 -8.81 2518 5 
NTDK165C-68 262 81 0.31 81567 0.15963 0.00057 9.93252 0.12355 0.45128 0.00538 0.958 0.31109 0.03527 -2.48 2452 6 
NTDK165C-
106 57 11.9 0.20 9827 0.13759 0.00076 7.79379 0.11988 0.41083 0.0059 0.933 0.2096 0.02388 1.16 2197 9 
NTDK165C-73 67 16.5 0.24 27493 0.136 0.00056 7.15649 0.08381 0.38165 0.00418 0.936 0.24777 0.02785 -4.99 2177 7 
NTDK165C-52 34 14.1 0.41 13907 0.13441 0.00057 6.85988 0.06961 0.37017 0.00342 0.909 0.41766 0.04708 -6.82 2156 7 
NTDK165C-11 58 55.3 0.95 13959 0.13386 0.00034 7.04272 0.06909 0.38157 0.00362 0.967 0.9546 0.18438 -3.57 2149 4 
NTDK165C-20 101 79.1 0.78 20472 0.12422 0.0003 6.20227 0.06194 0.36214 0.00351 0.971 0.79061 0.15233 -1.46 2018 4 
NTDK165C-31 84 61.3 0.72 25509 0.12391 0.00036 6.0192 0.06938 0.35232 0.00393 0.968 0.7376 0.14314 -3.89 2013 5 
NTDK165C-45 87 51.4 0.59 23818 0.12334 0.00041 5.84825 0.07494 0.3439 0.00426 0.966 0.5929 0.11478 -5.74 2005 6 
NTDK165C-74 116 73.8 0.63 22362 0.12188 0.00055 5.6755 0.06901 0.33774 0.00381 0.927 0.63929 0.07274 -6.28 1984 8 
NTDK165C-83 126 72.7 0.57 26709 0.12183 0.00051 5.67447 0.06721 0.3378 0.00374 0.935 0.57968 0.06562 -6.23 1983 7 
NTDK165C-40 110 71 0.64 29948 0.12135 0.00034 6.05876 0.07662 0.36211 0.00446 0.975 0.64807 0.12599 0.94 1976 5 
NTDK165C-02 101 106.5 1.05 102345 0.12124 0.00028 5.89809 0.05596 0.35284 0.00325 0.97 1.06639 0.20694 -1.55 1974 4 
NTDK165C-65 91 43.6 0.47 17296 0.12022 0.00046 5.56549 0.06116 0.33576 0.00346 0.937 0.48055 0.05438 -5.48 1959 7 
NTDK165C-
104 257 22.2 0.08 35622 0.11969 0.00062 5.86426 0.08339 0.35534 0.00471 0.931 0.0872 0.01001 0.5 1952 9 
NTDK165C-94 52 32.7 0.62 23599 0.1189 0.00061 5.43665 0.07221 0.33164 0.00406 0.923 0.62712 0.07059 -5.53 1940 9 
NTDK165C-44 43 33.1 0.76 13174 0.11851 0.00042 5.51536 0.0747 0.33753 0.00441 0.965 0.77069 0.14906 -3.52 1934 6 
NTDK165C-41 33 16 0.48 11923 0.11461 0.00041 5.06751 0.067 0.32067 0.00408 0.963 0.49019 0.09463 -4.94 1874 6 
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NTDK165C-15 143 166.5 1.16 37090 0.11427 0.00026 5.16702 0.04999 0.32795 0.00309 0.973 1.17434 0.22816 -2.46 1868 4 
NTDK165C-14 16 23.2 1.45 5497 0.11421 0.00047 5.00824 0.05082 0.31805 0.00295 0.913 1.41483 0.27386 -5.34 1867 7 
NTDK165C-69 86 96.5 1.12 7124 0.11204 0.00047 4.82783 0.05083 0.31253 0.00302 0.918 1.13164 0.12842 -4.96 1833 7 
NTDK165C-38 116 75.9 0.65 8907 0.11083 0.00034 4.81158 0.05823 0.31487 0.00369 0.967 0.66063 0.13007 -3.05 1813 5 
NTDK165C-98 95 72.7 0.76 11737 0.11072 0.0006 4.7186 0.0604 0.30909 0.00359 0.906 0.76804 0.08723 -4.72 1811 9 
NTDK165C-28 72 46.8 0.65 29102 0.10953 0.00029 4.62218 0.04475 0.30606 0.00285 0.963 0.65768 0.12692 -4.48 1792 5 
NTDK165C-46 73 73 1.00 23451 0.10844 0.00033 4.55381 0.06321 0.30457 0.00412 0.975 1.00924 0.19665 -3.81 1773 6 
NTDK165C-62 20 17.8 0.89 1718 0.10802 0.00063 4.23462 0.04463 0.28433 0.0025 0.834 0.87789 0.09814 -9.8 1766 10 
NTDK165C-54 33 13.7 0.41 3552 0.10734 0.00051 4.37346 0.04778 0.29549 0.0029 0.899 0.41308 0.04686 -5.55 1755 8 
NTDK165C-95 175 20.2 0.11 17816 0.10677 0.00053 4.37495 0.05745 0.29719 0.00361 0.926 0.11608 0.01319 -4.4 1745 9 
NTDK165C-47 190 65.4 0.34 66632 0.10629 0.0003 4.39335 0.05467 0.29979 0.00363 0.973 0.34583 0.06715 -3.04 1737 5 
NTDK165C-78 91 23.9 0.26 17739 0.10552 0.00067 4.37121 0.0629 0.30044 0.00388 0.899 0.26509 0.03053 -1.97 1723 11 
NTDK165C-50 112 49.5 0.44 173245 0.10531 0.00033 4.37119 0.06545 0.30104 0.00441 0.978 0.44495 0.08688 -1.54 1720 6 
NTDK165C-01 408 81.1 0.20 36330 0.09977 0.00102 3.76954 0.04914 0.27403 0.00221 0.617 0.20024 0.03898 -4.06 1620 18 
NTDK165C-49 118 39.2 0.33 4133 0.09795 0.00043 3.78193 0.05535 0.28004 0.00391 0.954 0.33569 0.06626 0.43 1585 8 
NTDK165C-35 243 83.5 0.34 163302 0.09587 0.0003 3.50574 0.04096 0.26522 0.00299 0.965 0.34697 0.06732 -2.08 1545 6 
NTDK165C-84 654 99.6 0.15 186098 0.09514 0.00039 3.57909 0.04516 0.27284 0.00326 0.946 0.15352 0.01761 1.79 1531 8 
NTDK165C-79 104 31.1 0.30 12759 0.09498 0.00046 3.32625 0.04121 0.254 0.0029 0.922 0.30235 0.03392 -5.02 1528 9 
NTDK165C-27 114 39 0.34 3139 0.09244 0.00184 3.24121 0.07591 0.25431 0.00314 0.527 0.34388 0.06577 -1.19 1476 35 
NTDK165C-76 54 25.8 0.47 6309 0.08963 0.00049 2.90352 0.03707 0.23496 0.00272 0.905 0.48203 0.05414 -4.47 1418 10 
NTDK165C-24 303 33.4 0.11 35773 0.08955 0.0002 3.06979 0.02854 0.24864 0.00224 0.97 0.11132 0.02162 1.23 1416 4 
NTDK165C-67 318 108.7 0.34 21660 0.08909 0.00034 2.87521 0.03137 0.23407 0.00239 0.938 0.34434 0.03894 -3.97 1406 7 
NTDK165C-71 600 14.5 0.02 21488 0.08888 0.00053 3.01919 0.04731 0.24638 0.00357 0.924 0.02439 0.00364 1.45 1402 11 
NTDK165C-86 142 65.3 0.45 11843 0.08843 0.00045 2.74376 0.03501 0.22503 0.00263 0.918 0.46445 0.05295 -6.63 1392 9 
NTDK165C-09 46 8.9 0.19 5411 0.08768 0.0003 2.72053 0.02559 0.22502 0.00197 0.932 0.19284 0.03737 -5.4 1376 6 
NTDK165C-12 349 141.2 0.40 84537 0.08737 0.00018 2.88315 0.02834 0.23932 0.0023 0.979 0.40793 0.07946 1.17 1369 4 
NTDK165C-19 105 38.9 0.37 21736 0.08737 0.00025 2.73633 0.02718 0.22715 0.00216 0.959 0.37489 0.07242 -3.97 1369 5 
NTDK165C-90 44 21.7 0.49 5486 0.08727 0.00052 2.61092 0.0347 0.21698 0.00258 0.895 0.49491 0.05566 -8.11 1367 11 
NTDK165C-
105 60 29 0.48 23377 0.08666 0.00055 2.61371 0.03776 0.21874 0.00284 0.899 0.48839 0.05527 -6.34 1353 12 
NTDK165C-58 27 7.6 0.28 12001 0.0863 0.0006 2.54798 0.03184 0.21413 0.00222 0.829 0.28707 0.03265 -7.7 1345 13 
NTDK165C-59 388 95.9 0.24 3157 0.08611 0.00037 2.5223 0.02853 0.21245 0.00223 0.927 0.24861 0.02838 -8.1 1341 8 
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NTDK165C-33 110 23.4 0.21 32696 0.08593 0.00025 2.65169 0.02735 0.22382 0.00222 0.961 0.21365 0.04129 -2.85 1337 5 
NTDK165C-48 116 66.7 0.57 15759 0.08592 0.00038 2.63774 0.03669 0.22265 0.00293 0.947 0.5814 0.11251 -3.35 1336 8 
NTDK165C-23 182 42.2 0.23 12306 0.08227 0.00023 2.38112 0.02539 0.20992 0.00216 0.965 0.23391 0.04563 -2.06 1252 5 
NTDK165C-53 293 168.2 0.57 14715 0.08197 0.00029 2.39422 0.02448 0.21184 0.00204 0.94 0.57865 0.06573 -0.54 1245 7 
NTDK165C-57 19 5.6 0.29 2312 0.08156 0.00083 2.18076 0.03151 0.19393 0.002 0.714 0.29196 0.03377 -8.16 1235 19 
NTDK165C-72 181 37.4 0.20 24895 0.08111 0.00034 2.24567 0.02701 0.20079 0.00226 0.937 0.20763 0.02352 -3.99 1224 8 
NTDK165C-
102 107 24.2 0.22 9491 0.08041 0.00046 2.16706 0.03068 0.19546 0.00253 0.915 0.2279 0.02568 -5.08 1207 11 
NTDK165C-16 12 3 0.25 1219 0.08012 0.00104 2.18918 0.03742 0.19816 0.0022 0.65 0.24561 0.04837 -3.15 1200 25 
NTDK165C-
103 250 61.8 0.24 29670 0.08011 0.00043 2.28381 0.03603 0.20677 0.00306 0.939 0.24912 0.02889 1.1 1200 10 
NTDK165C-55 157 37.5 0.23 221132 0.07826 0.00033 1.99347 0.02097 0.18475 0.00178 0.918 0.24078 0.02701 -5.71 1153 8 
NTDK165C-04 28 6.7 0.24 6534 0.07819 0.00047 2.04712 0.02012 0.1899 0.00147 0.787 0.24456 0.04741 -2.91 1152 12 
NTDK165C-85 55 28.2 0.51 14952 0.07767 0.00048 1.94199 0.02563 0.18133 0.00211 0.884 0.51884 0.05833 -6.13 1139 12 
NTDK165C-30 65 23.2 0.35 9800 0.07577 0.00031 1.84529 0.01815 0.17664 0.00158 0.909 0.3598 0.06982 -4.01 1089 8 
NTDK165C-26 112 32.9 0.29 14851 0.07568 0.00024 1.85869 0.01961 0.17812 0.00179 0.953 0.29457 0.05719 -2.99 1087 6 
NTDK165C-64 21 5.5 0.26 2501 0.07556 0.0007 1.79787 0.02693 0.17258 0.00203 0.783 0.26881 0.03124 -5.7 1083 18 
NTDK165C-77 101 134.8 1.33 10820 0.07514 0.00039 1.80115 0.02176 0.17386 0.0019 0.905 1.34093 0.15144 -3.91 1072 10 
NTDK165C-43 61 41.4 0.67 6783 0.07353 0.00031 1.65218 0.02065 0.16296 0.00192 0.943 0.68247 0.13203 -5.81 1029 8 
NTDK165C-92 38 19 0.50 4981 0.07345 0.00058 1.59234 0.02225 0.15724 0.00182 0.826 0.50313 0.05626 -8.89 1026 16 
NTDK165C-87 13 3.6 0.28 1048 0.07341 0.00097 1.68062 0.03346 0.16603 0.00247 0.749 0.28042 0.03267 -3.71 1025 25 
NTDK165C-99 30 29.4 0.98 13018 0.07339 0.00062 1.64085 0.02527 0.16214 0.00209 0.837 1.00508 0.11188 -5.9 1025 17 
NTDK165C-29 58 29.1 0.50 7267 0.07306 0.00039 1.69597 0.02454 0.16835 0.00227 0.93 0.50733 0.0978 -1.34 1016 10 
NTDK165C-42 24 0.4 0.02 2173 0.07276 0.00081 1.66674 0.02743 0.16614 0.00201 0.735 0.01464 0.00061 -1.76 1007 21 
NTDK165C-88 33 37.2 1.12 4135 0.07262 0.00074 1.54344 0.02436 0.15414 0.00186 0.765 1.13532 0.1277 -8.48 1003 20 
NTDK165C-39 47 1.1 0.02 5651 0.07231 0.00051 1.65071 0.02169 0.16556 0.00184 0.845 0.02378 0.00099 -0.77 995 14 
NTDK165C-70 129 93.7 0.72 27043 0.07221 0.00033 1.58068 0.01795 0.15877 0.00165 0.916 0.73367 0.08229 -4.54 992 9 
NTDK165C-17 145 3.4 0.02 9256 0.07201 0.0003 1.69376 0.01783 0.17059 0.00165 0.916 0.0239 0.00101 3.19 986 9 
NTDK165C-93 15 3.8 0.25 8312 0.07185 0.001 1.64014 0.03487 0.16556 0.00265 0.754 0.25779 0.02989 0.64 982 28 
NTDK165C-22 57 0.8 0.01 5422 0.0715 0.00051 1.60458 0.01909 0.16275 0.00155 0.8 0.01422 0.00056 0.02 972 14 
NTDK165C-
101 48 20.3 0.42 4986 0.07143 0.00053 1.52177 0.02299 0.15451 0.00203 0.869 0.42318 0.04779 -4.82 970 14 
NTDK165C-03 49 3.9 0.08 2838 0.06996 0.00046 1.46755 0.01454 0.15215 0.00113 0.747 0.08007 0.00303 -1.63 927 13 
NTDK165C-36 14 1.2 0.08 1171 0.06938 0.00123 1.45042 0.03219 0.15163 0.00201 0.597 0.08704 0.00358 0.02 910 36 
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NTDK165C-10 46 4 0.08 3537 0.06877 0.00044 1.47315 0.01707 0.15537 0.0015 0.832 0.08782 0.00368 4.72 892 13 
                 
NTDK165B 
                
  ppm     Ratios                     Ages   
Name U Th Th/U 206Pb/204Pb 207Pb/206Pb* 1SE 207Pb/235U 1SE 206Pb/238U 1SE Rho 232Th/238U 1SE 
(%) 
Disc 207Pb/206Pb 1s 
NTDK165B-44 219 205.9 0.94 38759 0.22004 0.00037 17.50184 0.20661 0.57686 0.00674 0.99 0.94653 0.12783 -1.88 2981 3 
NTDK165B-
126 149 176.1 1.18 500362 0.20355 0.00045 15.30842 0.1329 0.54547 0.00458 0.967 1.19084 0.16069 -2.1 2855 3 
NTDK165B-26 53 25.8 0.48 128291 0.18458 0.00075 12.73259 0.14368 0.50029 0.00527 0.933 0.48693 0.09282 -3.59 2694 7 
NTDK165B-
101 74 33.8 0.45 57551 0.17003 0.00043 11.07902 0.09785 0.47257 0.004 0.958 0.46191 0.06242 -2.97 2558 4 
NTDK165B-46 158 138.6 0.87 50062 0.15465 0.00027 9.24295 0.07689 0.43347 0.00353 0.978 0.88238 0.11875 -3.81 2398 3 
NTDK165B-15 38 12 0.31 11070 0.13764 0.00063 7.47572 0.08482 0.39392 0.00408 0.914 0.31433 0.06002 -3.03 2198 8 
NTDK165B-69 83 43.2 0.52 21026 0.13408 0.0003 7.06776 0.06568 0.38231 0.00345 0.97 0.5242 0.07088 -3.54 2152 4 
NTDK165B-84 194 98.4 0.50 18259 0.13354 0.00034 6.6713 0.08918 0.36232 0.00476 0.982 0.5115 0.07214 -8.23 2145 4 
NTDK165B-39 202 86.7 0.42 36366 0.13342 0.00022 7.12755 0.07445 0.38744 0.004 0.987 0.43309 0.05868 -1.78 2144 3 
NTDK165B-43 208 64 0.30 22932 0.13018 0.00023 6.7905 0.06803 0.37831 0.00373 0.985 0.30942 0.04164 -1.78 2100 3 
NTDK165B-36 106 36.5 0.34 36647 0.12807 0.00034 6.56257 0.06927 0.37165 0.0038 0.969 0.34617 0.04689 -1.94 2072 4 
NTDK165B-
100 90 85.3 0.94 5131 0.12764 0.00036 6.24096 0.06115 0.35461 0.00333 0.957 0.95864 0.1293 -6.12 2066 5 
NTDK165B-22 165 113.3 0.68 2951 0.12454 0.0008 5.70819 0.06755 0.33243 0.0033 0.838 0.69319 0.14035 -9.78 2022 11 
NTDK165B-35 389 130.1 0.33 11787 0.12332 0.00031 5.82576 0.05391 0.34262 0.00305 0.963 0.33657 0.04664 -6.08 2005 5 
NTDK165B-66 157 49.6 0.31 30017 0.12135 0.00028 5.7733 0.04827 0.34505 0.00277 0.962 0.31893 0.04296 -3.82 1976 4 
NTDK165B-23 147 132.9 0.90 66692 0.11895 0.00044 5.6387 0.0609 0.34381 0.00349 0.94 0.90984 0.17537 -2.11 1940 6 
NTDK165B-13 148 92.1 0.62 45074 0.11581 0.00037 5.19058 0.06783 0.32507 0.00412 0.969 0.62886 0.12151 -4.73 1892 6 
NTDK165B-89 78 61.7 0.79 12322 0.11562 0.0003 5.26771 0.05871 0.33043 0.00358 0.972 0.80011 0.10855 -2.99 1890 4 
NTDK165B-52 207 115.2 0.55 20418 0.11557 0.00022 5.21378 0.04916 0.3272 0.00302 0.979 0.56037 0.07544 -3.89 1889 3 
NTDK165B-32 132 130.7 0.99 8501 0.11539 0.00058 4.94477 0.04054 0.31081 0.002 0.786 0.99895 0.13337 -8.55 1886 9 
NTDK165B-80 264 189.7 0.71 74585 0.11529 0.00024 5.31341 0.05035 0.33426 0.00309 0.975 0.72306 0.09727 -1.55 1884 4 
NTDK165B-55 119 101.6 0.85 13473 0.11443 0.00029 4.92907 0.04772 0.31241 0.00292 0.965 0.85953 0.11582 -7.22 1871 5 
NTDK165B-
55B 119 101.6 0.85 13473 0.11443 0.00029 4.92907 0.04772 0.31241 0.00292 0.965 0.85953 0.11582 -7.02 1871 5 
NTDK165B-17 148 97.7 0.66 39120 0.11356 0.00038 5.15133 0.05636 0.32899 0.00343 0.952 0.66274 0.12798 -1.47 1857 6 
NTDK165B-94 54 30.7 0.56 17256 0.11041 0.00038 4.79027 0.03974 0.31465 0.00237 0.909 0.57468 0.0771 -2.7 1806 6 
271 
 
NTDK165B-29 255 121.2 0.47 90898 0.11024 0.00044 4.76905 0.04939 0.31376 0.003 0.923 0.47794 0.09129 -2.8 1803 7 
NTDK165B-57 56 38.3 0.68 480982 0.10961 0.00041 4.72208 0.04726 0.31245 0.0029 0.927 0.69178 0.09344 -2.56 1793 7 
NTDK165B-02 79 160.1 2.02 25929 0.10805 0.00055 4.42647 0.03798 0.29713 0.00205 0.804 2.03713 0.39925 -5.76 1767 9 
NTDK165B-37 240 106.8 0.44 60462 0.10806 0.0002 4.55062 0.0439 0.30543 0.00289 0.982 0.44793 0.0604 -3.14 1767 3 
NTDK165B-81 394 244 0.61 13952 0.10761 0.00024 4.54769 0.04188 0.30651 0.00274 0.971 0.62437 0.08366 -2.32 1759 4 
NTDK165B-28 133 81.2 0.61 18310 0.10612 0.00051 4.13225 0.02999 0.28241 0.00154 0.753 0.615 0.11738 -8.49 1734 8 
NTDK165B-38 186 73.5 0.39 28085 0.09704 0.00022 3.44538 0.03273 0.2575 0.00238 0.972 0.39733 0.05366 -6.5 1568 4 
NTDK165B-
38B 94 27.7 0.29 5559 0.09667 0.00027 3.51272 0.03485 0.26354 0.00251 0.961 0.29699 0.04005 -3.8 1561 5 
NTDK165B-85 48 25.6 0.53 6049 0.09644 0.00043 3.47485 0.03285 0.26131 0.00218 0.884 0.5347 0.07198 -4.31 1556 8 
NTDK165B-08 220 91.4 0.41 47495 0.09535 0.0003 3.43908 0.03155 0.26158 0.00226 0.94 0.41792 0.07972 -2.71 1535 6 
NTDK165B-76 123 45.7 0.37 29609 0.09269 0.00025 3.28415 0.02861 0.25697 0.00213 0.952 0.37405 0.05086 -0.55 1482 5 
NTDK165B-03 130 39.6 0.30 24870 0.09233 0.00038 3.02167 0.0318 0.23736 0.0023 0.922 0.30637 0.05791 -7.62 1474 8 
NTDK165B-11 54 12.1 0.22 7606 0.09216 0.00064 3.05754 0.0368 0.24063 0.00236 0.816 0.22834 0.04377 -6.09 1471 13 
NTDK165B-98 164 44.2 0.26 15364 0.09149 0.00027 3.07177 0.03403 0.2435 0.0026 0.963 0.27096 0.03713 -3.97 1457 5 
NTDK165B-34 233 73.5 0.31 66689 0.09147 0.00022 3.06873 0.03263 0.24333 0.00252 0.975 0.31833 0.04372 -4 1456 4 
NTDK165B-71 408 78.1 0.19 14092 0.08987 0.00019 2.93065 0.02568 0.23651 0.00201 0.97 0.19273 0.02575 -4.23 1423 4 
NTDK165B-21 299 59.7 0.19 298977 0.0898 0.00034 3.00257 0.03349 0.2425 0.00254 0.94 0.20122 0.0384 -1.69 1421 7 
NTDK165B-54 176 58.5 0.33 21085 0.08962 0.00024 2.98506 0.03117 0.24156 0.00244 0.967 0.33536 0.04541 -1.78 1418 5 
NTDK165B-72 236 182.3 0.77 26570 0.08617 0.00021 2.59657 0.0248 0.21855 0.00202 0.967 0.77877 0.10445 -5.56 1342 4 
NTDK165B-
102 71 35.7 0.50 7617 0.08558 0.00038 2.60021 0.02258 0.22036 0.00164 0.857 0.50626 0.06873 -3.73 1329 8 
NTDK165B-78 181 138.7 0.76 12100 0.08417 0.00024 2.51728 0.02368 0.2169 0.00194 0.953 0.7713 0.10332 -2.64 1297 5 
NTDK165B-61 218 111.9 0.51 16407 0.08413 0.00019 2.47608 0.02413 0.21346 0.00202 0.972 0.51697 0.06956 -4.1 1296 4 
NTDK165B-09 406 53 0.13 84838 0.08398 0.00025 2.53405 0.02807 0.21884 0.00233 0.962 0.13151 0.02527 -1.39 1292 6 
NTDK165B-12 37 9.1 0.24 97252 0.08379 0.00136 2.33788 0.04554 0.20236 0.00216 0.549 0.24961 0.06027 -8.48 1288 31 
NTDK165B-65 417 41.1 0.09 16885 0.08307 0.00017 2.50279 0.02911 0.21852 0.0025 0.984 0.09924 0.01337 0.28 1271 4 
NTDK165B-90 88 24.4 0.27 9905 0.08146 0.00048 2.2733 0.03293 0.2024 0.00268 0.915 0.27832 0.03952 -3.94 1233 12 
NTDK165B-10 505 399.9 0.79 10647 0.08141 0.00027 2.16833 0.02647 0.19318 0.00227 0.963 0.79773 0.15193 -8.21 1231 6 
NTDK165B-74 233 79.5 0.34 50398 0.08137 0.00019 2.29749 0.02205 0.20478 0.0019 0.969 0.34346 0.04601 -2.62 1230 5 
NTDK165B-04 167 52.1 0.31 16938 0.08126 0.00033 2.31762 0.02536 0.20685 0.0021 0.928 0.31421 0.06003 -1.4 1228 8 
NTDK165B-53 239 77 0.32 43208 0.08094 0.00017 2.2931 0.02335 0.20548 0.00205 0.979 0.32449 0.0437 -1.37 1220 4 
NTDK165B-09 406 53 0.13 84838 0.08398 0.00025 2.53405 0.02807 0.21884 0.00233 0.962 0.13151 0.02527 -1.39 1292 6 
272 
 
NTDK165B-70 67 52.5 0.78 16807 0.08049 0.00042 2.24584 0.02346 0.20238 0.00184 0.868 0.79211 0.10593 -1.89 1209 10 
NTDK165B-92 200 47.6 0.23 20237 0.08006 0.00026 2.23105 0.03236 0.2021 0.00286 0.975 0.24026 0.03317 -1.1 1199 6 
NTDK165B-63 396 77.1 0.19 50732 0.0796 0.00017 2.18957 0.01939 0.1995 0.00172 0.971 0.19584 0.02642 -1.33 1187 4 
NTDK165B-45 140 36.2 0.25 25530 0.07909 0.00027 2.12575 0.02025 0.19494 0.00173 0.933 0.26095 0.03513 -2.44 1174 6 
NTDK165B-95 79 20 0.25 11806 0.07853 0.0003 2.11297 0.02274 0.19514 0.00197 0.937 0.25391 0.03469 -1.06 1160 7 
NTDK165B-60 50 17.8 0.35 9931 0.07773 0.00053 2.21295 0.02862 0.20649 0.00226 0.847 0.35495 0.04756 6.75 1140 13 
NTDK165B-40 45 10.3 0.22 7297 0.07636 0.00063 2.03475 0.02616 0.19325 0.00191 0.769 0.23073 0.03108 3.39 1105 16 
NTDK165B-49 111 111.5 1.00 8356 0.07402 0.00042 1.68997 0.01824 0.16559 0.00152 0.851 1.00761 0.13577 -5.61 1042 12 
NTDK165B-
110 182 52.3 0.28 12441 0.07376 0.00024 1.67557 0.0176 0.16475 0.00164 0.95 0.28913 0.03943 -5.4 1035 6 
NTDK165B-31 422 1.9 0.01 28658 0.07318 0.00018 1.67299 0.01704 0.16581 0.00164 0.97 0.00452 0.00063 -3.16 1019 5 
NTDK165B-77 204 158.7 0.77 22675 0.07286 0.00025 1.64797 0.01705 0.16405 0.0016 0.943 0.78355 0.10505 -3.27 1010 6 
NTDK165B-05 103 59.4 0.57 15569 0.07275 0.0007 1.61869 0.02105 0.16137 0.00142 0.676 0.58194 0.11059 -4.55 1007 19 
NTDK165B-30 59 42 0.71 9779 0.07258 0.00079 1.65854 0.02511 0.16572 0.00174 0.692 0.71519 0.1377 -1.49 1002 22 
NTDK165B-25 211 75.9 0.35 12629 0.07219 0.00033 1.62142 0.01816 0.16289 0.00166 0.911 0.36313 0.06906 -2.01 991 9 
NTDK165B-73 240 135.8 0.56 8803 0.072 0.00017 1.57775 0.01373 0.15893 0.00133 0.964 0.569 0.07636 -3.83 986 5 
NTDK165B-27 126 24.6 0.19 20803 0.0714 0.00043 1.65824 0.02065 0.16845 0.00183 0.873 0.19568 0.03759 3.87 969 12 
NTDK165B-58 58 91.2 1.57 6665 0.07107 0.0005 1.45603 0.01618 0.14858 0.00128 0.773 1.57458 0.21235 -7.43 960 14 
NTDK165B-24 144 220.1 1.52 9913 0.07053 0.00042 1.45868 0.01734 0.14999 0.00154 0.866 1.5363 0.29329 -4.88 944 12 
NTDK165B-88 19 9.6 0.50 1668 0.06972 0.00174 1.58242 0.04151 0.16462 0.0013 0.301 0.51038 0.0689 7.32 920 49 
NTDK165B-47 21 21.4 1.02 2782 0.06937 0.0033 1.35972 0.06598 0.14215 0.00134 0.195 1.02418 0.13921 -6.23 910 97 





APPENDIX D  
Table D1: Zircon Lu-Hf isotope compositions for the BSU samples. 
Sample I.D 
Sample 




NTDK3 104 0.281350 0.000013 0.00154 0.00004 0.0563 0.0013 1.46722 0.000019 0.281281 0.2 0.5 2354 3.0 
NTDK3 47 0.281044 0.000014 0.00090 0.00001 0.0265 0.0002 1.46732 0.0000208 0.281005 -12.3 0.5 2239 3.6 
NTDK3 16 0.281437 0.000023 0.00128 0.00003 0.0385 0.0007 1.46737 0.0000295 0.281383 0.5 0.8 2209 2.8 
NTDK3 77 0.281047 0.000024 0.00079 0.00000 0.0208 0.0001 1.46728 0.0000264 0.281013 -12.9 0.9 2201 3.6 
NTDK3 44 0.281297 0.000010 0.00106 0.00001 0.0431 0.0006 1.46725 0.0000134 0.281253 -4.9 0.4 2180 3.1 
NTDK3 38 0.281532 0.000016 0.00236 0.00001 0.0918 0.0010 1.46730 0.0000188 0.281435 1.3 0.6 2165 2.8 
NTDK3 36 0.281492 0.000011 0.00068 0.00001 0.0227 0.0001 1.46727 0.0000144 0.281464 2.2 0.4 2162 2.6 
NTDK3 23 0.281500 0.000029 0.00148 0.00001 0.0460 0.0002 1.46728 0.0000338 0.281439 1.2 1.0 2153 2.8 
NTDK3 92 0.281468 0.000013 0.00120 0.00001 0.0416 0.0003 1.46726 0.0000161 0.281419 0.1 0.5 2139 2.8 
NTDK3 60 0.281535 0.000010 0.00059 0.00000 0.0169 0.0001 1.46727 0.0000136 0.281511 3.3 0.3 2137 2.5 
NTDK3 15 0.281527 0.000015 0.00106 0.00001 0.0361 0.0003 1.46726 0.0000181 0.281484 2.3 0.5 2132 2.6 
NTDK3 82 0.281515 0.000021 0.00045 0.00000 0.0144 0.0001 1.46732 0.0000278 0.281497 2.7 0.7 2131 2.6 
NTDK3 10 0.281435 0.000011 0.00053 0.00001 0.0180 0.0002 1.46724 0.000017 0.281413 -0.4 0.4 2127 2.7 
NTDK3 48 0.281507 0.000021 0.00101 0.00002 0.0397 0.0010 1.46736 0.000034 0.281466 1.4 0.8 2124 2.7 
NTDK3 81 0.281573 0.000009 0.00062 0.00000 0.0207 0.0001 1.46727 0.0000138 0.281549 4.4 0.3 2124 2.5 
NTDK3 72 0.281383 0.000011 0.00050 0.00001 0.0170 0.0002 1.46731 0.000018 0.281363 -2.3 0.4 2123 2.8 
NTDK3 91 0.281424 0.000021 0.00086 0.00001 0.0271 0.0004 1.46734 0.0000258 0.281389 -1.4 0.7 2122 2.8 
NTDK3 28 0.281390 0.000017 0.00115 0.00001 0.0409 0.0006 1.46720 0.0000265 0.281344 -3.2 0.6 2113 3.0 
NTDK3 73 0.281461 0.000010 0.00054 0.00000 0.0180 0.0001 1.46728 0.0000167 0.281440 0.0 0.3 2105 2.7 
NTDK3 79 0.281578 0.000021 0.00269 0.00001 0.0862 0.0004 1.46724 0.0000229 0.281470 1.1 0.7 2104 2.8 
NTDK3 94 0.281596 0.000010 0.00120 0.00001 0.0413 0.0002 1.46722 0.0000135 0.281548 3.8 0.3 2101 2.5 
NTDK3 74 0.281070 0.000011 0.00082 0.00001 0.0303 0.0003 1.46730 0.0000153 0.281037 -14.4 0.4 2098 3.6 
NTDK3 17 0.281524 0.000019 0.00091 0.00000 0.0278 0.0001 1.46727 0.0000259 0.281488 1.6 0.7 2097 2.6 
NTDK3 18 0.281584 0.000024 0.00207 0.00000 0.0671 0.0004 1.46722 0.0000273 0.281501 2.0 0.9 2097 2.7 
NTDK3 46 0.281102 0.000013 0.00111 0.00001 0.0368 0.0001 1.46730 0.0000162 0.281058 -13.7 0.5 2097 3.6 
NTDK3 83 0.281399 0.000008 0.00048 0.00001 0.0177 0.0002 1.46726 0.0000127 0.281380 -2.3 0.3 2096 2.8 
NTDK3 95 0.281444 0.000009 0.00046 0.00000 0.0169 0.0001 1.46723 0.0000138 0.281425 -0.7 0.3 2094 2.7 
NTDK3 101 0.281535 0.000011 0.00104 0.00002 0.0413 0.0012 1.46727 0.0000143 0.281493 1.7 0.4 2094 2.6 
NTDK3 62 0.281348 0.000015 0.00121 0.00001 0.0451 0.0004 1.46724 0.000018 0.281300 -5.2 0.5 2093 3.1 
NTDK3 9 0.281472 0.000012 0.00100 0.00000 0.0312 0.0002 1.46726 0.000019 0.281433 -0.5 0.4 2092 2.8 
274 
 
NTDK3 35 0.281531 0.000016 0.00048 0.00000 0.0163 0.0001 1.46725 0.0000252 0.281512 2.3 0.6 2092 2.5 
NTDK3 7 0.281583 0.000010 0.00063 0.00000 0.0201 0.0002 1.46724 0.0000131 0.281558 3.6 0.4 2076 2.5 
NTDK3 12 0.281588 0.000018 0.00105 0.00000 0.0319 0.0001 1.46722 0.0000219 0.281547 3.0 0.7 2069 2.5 
NTDK3 19 0.281550 0.000016 0.00071 0.00001 0.0243 0.0003 1.46732 0.0000216 0.281522 2.1 0.6 2067 2.6 
NTDK3 55 0.281757 0.000019 0.00119 0.00002 0.0351 0.0007 1.46723 0.0000322 0.281710 8.6 0.7 2057 2.2 
NTDK3 21 0.281460 0.000018 0.00100 0.00001 0.0339 0.0002 1.46728 0.0000247 0.281422 -3.0 0.6 2000 2.8 
NTDK3 93 0.281420 0.000010 0.00057 0.00000 0.0177 0.0001 1.46727 0.000016 0.281400 -7.1 0.3 1857 2.9 
NTDK3 86 0.281652 0.000014 0.00141 0.00002 0.0504 0.0004 1.46723 0.0000191 0.281605 -2.1 0.5 1758 2.6 
NTDK3 58 0.281939 0.000013 0.00152 0.00002 0.0499 0.0005 1.46729 0.0000172 0.281895 2.9 0.5 1527 2.1 
NTDK3 14 0.281938 0.000023 0.00091 0.00000 0.0295 0.0002 1.46723 0.000034 0.281913 2.5 0.8 1482 2.1 
               
NTDK237               
Sample I.D 
Sample 




NTDK237 91 0.280865 0.000007 0.00035 0.00000 0.0109 0.0001 1.46722 0.0000125 0.280846 -2.7 0.2 2892 3.5 
NTDK237 13 0.280890 0.000005 0.00044 0.00000 0.0140 0.0001 1.46719 9.04E-06 0.280866 -2.9 0.2 2853 3.5 
NTDK237 60 0.280486 0.000006 0.00030 0.00000 0.0103 0.0000 1.46722 0.0000102 0.280470 -17.2 0.2 2841 4.3 
NTDK237 77 0.280808 0.000009 0.00188 0.00005 0.0788 0.0021 1.46721 0.0000117 0.280705 -9.0 0.3 2837 4.0 
NTDK237 54 0.280919 0.000007 0.00067 0.00000 0.0222 0.0001 1.46721 0.0000103 0.280885 -6.2 0.2 2684 3.5 
NTDK237 2 0.281071 0.000005 0.00032 0.00000 0.0099 0.0000 1.46724 9.16E-06 0.281054 -0.2 0.2 2680 3.2 
NTDK237 101 0.281024 0.000008 0.00048 0.00000 0.0155 0.0000 1.46719 0.0000112 0.281000 -2.7 0.3 2657 3.3 
NTDK237 39 0.281019 0.000008 0.00167 0.00002 0.0618 0.0006 1.46724 0.0000122 0.280936 -6.4 0.3 2595 3.6 
NTDK237 76 0.281079 0.000008 0.00053 0.00000 0.0146 0.0000 1.46725 0.0000122 0.281053 -3.1 0.3 2562 3.2 
NTDK237 67 0.281230 0.000008 0.00099 0.00001 0.0308 0.0002 1.46721 0.000012 0.281182 1.1 0.3 2542 3.0 
NTDK237 46 0.281057 0.000007 0.00057 0.00000 0.0194 0.0001 1.46722 0.0000107 0.281030 -5.4 0.3 2496 3.3 
NTDK237 93 0.281074 0.000007 0.00054 0.00000 0.0177 0.0001 1.46720 0.0000105 0.281048 -4.9 0.2 2489 3.3 
NTDK237 63 0.281221 0.000006 0.00058 0.00000 0.0183 0.0000 1.46722 9.27E-06 0.281194 -0.4 0.2 2461 3.0 
NTDK237 56 0.281474 0.000007 0.00054 0.00000 0.0149 0.0000 1.46722 0.0000114 0.281451 3.6 0.3 2238 2.6 
NTDK237 53 0.281372 0.000009 0.00161 0.00001 0.0566 0.0006 1.46722 0.0000108 0.281303 -1.9 0.3 2228 3.0 
NTDK237 94 0.281397 0.000007 0.00069 0.00000 0.0233 0.0000 1.46723 9.83E-06 0.281368 0.2 0.3 2221 2.8 
NTDK237 88 0.281456 0.000009 0.00048 0.00000 0.0131 0.0001 1.46723 0.000013 0.281436 1.9 0.3 2190 2.7 
NTDK237 82 0.281483 0.000007 0.00084 0.00001 0.0277 0.0002 1.46722 0.0000108 0.281448 2.3 0.2 2189 2.7 
NTDK237 83 0.281026 0.000007 0.00045 0.00000 0.0148 0.0001 1.46718 0.0000107 0.281007 -13.4 0.3 2188 3.6 
NTDK237 72 0.281384 0.000007 0.00033 0.00000 0.0101 0.0001 1.46722 0.0000105 0.281370 -1.2 0.2 2160 2.8 
NTDK237 52 0.281440 0.000009 0.00126 0.00001 0.0390 0.0003 1.46723 0.0000114 0.281388 -1.0 0.3 2140 2.9 
275 
 
NTDK237 87 0.280869 0.000008 0.00039 0.00000 0.0138 0.0001 1.46726 0.0000122 0.280853 -20.0 0.3 2140 3.9 
NTDK237 92 0.281545 0.000011 0.00097 0.00000 0.0273 0.0001 1.46728 0.0000144 0.281505 3.2 0.4 2138 2.6 
NTDK237 69 0.281403 0.000007 0.00067 0.00001 0.0246 0.0003 1.46722 0.00001 0.281376 -1.5 0.2 2135 2.8 
NTDK237 17 0.281419 0.000006 0.00048 0.00000 0.0140 0.0000 1.46721 0.0000103 0.281399 -0.7 0.2 2134 2.8 
NTDK237 73 0.281586 0.000009 0.00113 0.00001 0.0361 0.0003 1.46724 0.0000119 0.281540 4.3 0.3 2133 2.5 
NTDK237 98 0.281550 0.000010 0.00061 0.00000 0.0166 0.0001 1.46723 0.0000122 0.281526 3.6 0.4 2128 2.5 
NTDK237 12 0.281508 0.000007 0.00070 0.00001 0.0193 0.0001 1.46724 0.0000112 0.281479 2.0 0.2 2126 2.6 
NTDK237 59 0.281184 0.000007 0.00138 0.00004 0.0553 0.0016 1.46721 8.86E-06 0.281128 -10.8 0.2 2114 3.4 
NTDK237 99 0.281440 0.000006 0.00099 0.00001 0.0337 0.0002 1.46722 0.0000101 0.281400 -1.4 0.2 2103 2.8 
NTDK237 34 0.281136 0.000005 0.00039 0.00000 0.0135 0.0000 1.46722 9.51E-06 0.281120 -12.1 0.2 2072 3.4 
NTDK237 80 0.281377 0.000010 0.00105 0.00001 0.0321 0.0004 1.46725 0.0000125 0.281336 -4.4 0.3 2071 3.0 
NTDK237 78 0.281175 0.000007 0.00051 0.00000 0.0164 0.0000 1.46721 0.0000103 0.281155 -11.0 0.2 2066 3.3 
NTDK237 64 0.281203 0.000006 0.00059 0.00000 0.0194 0.0000 1.46723 0.0000105 0.281180 -10.3 0.2 2058 3.3 
NTDK237 5 0.281513 0.000007 0.00040 0.00000 0.0112 0.0001 1.46721 0.0000102 0.281497 0.1 0.3 2019 2.6 
NTDK237 36 0.281189 0.000007 0.00047 0.00000 0.0124 0.0000 1.46719 0.0000109 0.281171 -12.1 0.2 1990 3.3 
NTDK237 44 0.281577 0.000007 0.00108 0.00001 0.0329 0.0003 1.46724 0.0000106 0.281536 0.7 0.2 1985 2.6 
NTDK237 85 0.281412 0.000007 0.00040 0.00000 0.0131 0.0000 1.46722 0.0000103 0.281397 -4.3 0.2 1984 2.9 
NTDK237 3 0.281521 0.000006 0.00043 0.00000 0.0134 0.0000 1.46721 8.83E-06 0.281504 -0.7 0.2 1974 2.6 
NTDK237 7 0.281533 0.000006 0.00093 0.00001 0.0297 0.0002 1.46721 8.17E-06 0.281499 -1.1 0.2 1963 2.7 
NTDK237 1 0.281602 0.000009 0.00083 0.00000 0.0232 0.0000 1.46723 0.0000122 0.281572 0.0 0.3 1899 2.6 
NTDK237 81 0.281243 0.000008 0.00068 0.00000 0.0213 0.0001 1.46721 0.000011 0.281218 -13.0 0.3 1882 3.3 
NTDK237 48 0.281709 0.000006 0.00086 0.00000 0.0283 0.0001 1.46722 9.66E-06 0.281680 1.8 0.2 1810 2.4 
NTDK237 100 0.281698 0.000008 0.00084 0.00000 0.0286 0.0001 1.46719 0.0000136 0.281669 1.3 0.3 1807 2.4 
NTDK237 49 0.281722 0.000008 0.00085 0.00000 0.0267 0.0000 1.46722 0.000012 0.281693 1.9 0.3 1797 2.4 
NTDK237 50 0.281492 0.000008 0.00096 0.00001 0.0278 0.0001 1.46725 0.0000133 0.281460 -6.7 0.3 1781 2.9 
NTDK237 65 0.281462 0.000006 0.00089 0.00000 0.0317 0.0000 1.46723 0.0000095 0.281433 -8.8 0.2 1731 3.0 
NTDK237 6 0.281426 0.000005 0.00045 0.00000 0.0148 0.0001 1.46722 7.77E-06 0.281411 -9.7 0.2 1725 3.0 
NTDK237 79 0.281424 0.000007 0.00046 0.00000 0.0145 0.0000 1.46723 0.0000113 0.281408 -9.8 0.3 1725 3.0 
NTDK237 89 0.281676 0.000007 0.00115 0.00001 0.0409 0.0003 1.46722 8.33E-06 0.281638 -1.8 0.3 1721 2.5 
NTDK237 86 0.281480 0.000007 0.00092 0.00003 0.0313 0.0013 1.46725 9.97E-06 0.281451 -10.3 0.3 1640 3.0 
NTDK237 41 0.281883 0.000006 0.00070 0.00000 0.0232 0.0001 1.46720 9.85E-06 0.281863 2.2 0.2 1545 2.1 
NTDK237 71 0.281980 0.000008 0.00111 0.00001 0.0385 0.0003 1.46723 0.0000111 0.281949 3.0 0.3 1448 2.0 
NTDK237 15 0.281780 0.000009 0.00070 0.00001 0.0223 0.0005 1.46721 0.0000146 0.281761 -3.9 0.3 1439 2.4 
               









NTDK260 118 0.281221 0.000019 0.00231 0.00003 0.0773 0.0010 1.46727 0.0000244 0.281125 -9.3 0.7 2186 3.5 
NTDK260 6 0.281417 0.000011 0.00161 0.00002 0.0740 0.0008 1.46723 0.0000134 0.281351 -2.0 0.4 2152 3.0 
NTDK260 95 0.281499 0.000016 0.00150 0.00001 0.0485 0.0004 1.46729 0.0000185 0.281438 0.8 0.6 2138 2.8 
NTDK260 38 0.281493 0.000013 0.00071 0.00002 0.0186 0.0004 1.46727 0.0000192 0.281464 1.3 0.5 2123 2.7 
NTDK260 39 0.281565 0.000014 0.00101 0.00001 0.0316 0.0001 1.46723 0.0000188 0.281526 1.1 0.5 2019 2.6 
NTDK260 98 0.281514 0.000018 0.00253 0.00005 0.0957 0.0025 1.46726 0.0000236 0.281417 -2.9 0.6 2015 3.0 
NTDK260 81 0.281637 0.000021 0.00177 0.00005 0.0617 0.0017 1.46732 0.0000243 0.281572 0.7 0.7 1931 2.6 
NTDK260 69 0.281539 0.000023 0.00184 0.00001 0.0665 0.0006 1.46736 0.0000329 0.281474 -4.1 0.8 1871 2.9 
NTDK260 41 0.281801 0.000025 0.00166 0.00001 0.0530 0.0003 1.46727 0.0000256 0.281742 5.3 0.9 1869 2.3 
NTDK260 35 0.281677 0.000017 0.00160 0.00002 0.0521 0.0008 1.46729 0.0000185 0.281622 -0.4 0.6 1804 2.6 
NTDK260 12 0.281720 0.000014 0.00155 0.00001 0.0479 0.0001 1.46722 0.0000173 0.281667 0.5 0.5 1773 2.5 
NTDK260 2 0.281638 0.000019 0.00114 0.00002 0.0328 0.0005 1.46733 0.0000237 0.281600 -2.2 0.7 1763 2.6 
NTDK260 72 0.281735 0.000018 0.00131 0.00002 0.0413 0.0008 1.46721 0.0000213 0.281696 -3.2 0.6 1570 2.5 
NTDK260 11 0.281795 0.000022 0.00076 0.00001 0.0219 0.0002 1.46737 0.0000266 0.281773 -1.1 0.8 1543 2.3 
NTDK260 77 0.282003 0.000017 0.00095 0.00002 0.0295 0.0005 1.46729 0.0000294 0.281976 6.0 0.6 1538 1.9 
NTDK260 83 0.282061 0.000022 0.00259 0.00003 0.0842 0.0021 1.46729 0.0000263 0.281988 5.2 0.8 1484 2.0 
NTDK260 7 0.281809 0.000013 0.00165 0.00003 0.0513 0.0008 1.46723 0.0000191 0.281764 -3.7 0.5 1440 2.5 
NTDK260 37 0.282006 0.000010 0.00081 0.00000 0.0269 0.0001 1.46722 0.0000139 0.281987 0.1 0.4 1260 2.0 
NTDK260 58 0.281654 0.000018 0.00349 0.00004 0.1244 0.0015 1.46725 0.0000166 0.281572 -15.3 0.6 1231 3.1 
NTDK260 91 0.282007 0.000015 0.00076 0.00001 0.0250 0.0003 1.46720 0.0000179 0.281990 -0.6 0.5 1228 2.1 
NTDK260 62 0.281915 0.000012 0.00063 0.00000 0.0193 0.0001 1.46725 0.000017 0.281901 -4.3 0.4 1205 2.3 
NTDK260 13 0.282135 0.000025 0.00079 0.00000 0.0244 0.0001 1.46725 0.0000289 0.282117 3.1 0.9 1193 1.8 
NTDK260 34 0.281665 0.000020 0.00232 0.00004 0.0785 0.0011 1.46723 0.0000223 0.281613 -14.8 0.7 1191 3.0 
NTDK260 99 0.282121 0.000024 0.00342 0.00003 0.1127 0.0012 1.46732 0.0000254 0.282045 0.4 0.9 1186 2.1 
NTDK260 17 0.281789 0.000012 0.00104 0.00000 0.0316 0.0002 1.46723 0.0000174 0.281767 -10.9 0.4 1123 2.6 
               
NTDK60               
Sample I.D 
Sample 




NTDK60 14 0.280794 0.000012 0.00063 0.00001 0.0181 0.0003 1.46728 0.0000169 0.280756 -0.8 0.4 3107 3.6 
NTDK60 72 0.281031 0.000020 0.00101 0.00000 0.0287 0.0001 1.46735 0.0000236 0.280978 -2.0 0.7 2722 3.4 
NTDK60 30 0.281172 0.000014 0.00121 0.00002 0.0384 0.0007 1.46728 0.0000173 0.281114 -2.4 0.5 2495 3.2 
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NTDK60 1 0.281537 0.000014 0.00100 0.00000 0.0311 0.0001 1.46724 0.0000167 0.281495 3.6 0.5 2171 2.6 
NTDK60 28 0.281568 0.000011 0.00090 0.00001 0.0293 0.0003 1.46723 0.0000145 0.281532 3.4 0.4 2108 2.5 
NTDK60 4 0.281509 0.000014 0.00094 0.00001 0.0346 0.0002 1.46724 0.0000172 0.281471 0.6 0.5 2078 2.7 
NTDK60 10 0.281505 0.000018 0.00088 0.00000 0.0283 0.0002 1.46723 0.0000226 0.281471 -0.3 0.6 2042 2.7 
NTDK60 52 0.281436 0.000013 0.00076 0.00000 0.0225 0.0002 1.46729 0.0000173 0.281407 -3.9 0.5 1982 2.9 
NTDK60 60 0.281188 0.000007 0.00075 0.00000 0.0271 0.0002 1.46724 0.0000113 0.281160 -13.0 0.3 1969 3.4 
NTDK60 56 0.281671 0.000017 0.00201 0.00001 0.0597 0.0003 1.46730 0.0000201 0.281599 0.9 0.6 1896 2.6 
NTDK60 2 0.281714 0.000011 0.00069 0.00000 0.0247 0.0001 1.46726 0.000015 0.281690 2.5 0.4 1824 2.3 
NTDK60 50 0.281665 0.000011 0.00136 0.00007 0.0454 0.0027 1.46727 0.0000153 0.281619 -0.5 0.4 1807 2.6 
NTDK60 90 0.281635 0.000019 0.00171 0.00002 0.0538 0.0005 1.46733 0.0000202 0.281579 -3.9 0.7 1719 2.7 
NTDK60 65 0.281860 0.000012 0.00112 0.00002 0.0339 0.0006 1.46728 0.0000156 0.281827 1.0 0.4 1549 2.2 
NTDK60 51 0.281841 0.000011 0.00139 0.00001 0.0614 0.0009 1.46720 0.0000143 0.281800 -0.3 0.4 1536 2.3 
NTDK60 27 0.281800 0.000011 0.00143 0.00004 0.0521 0.0012 1.46726 0.000014 0.281758 -1.9 0.4 1530 2.4 
NTDK60 97 0.281931 0.000021 0.00108 0.00002 0.0342 0.0005 1.46731 0.0000266 0.281899 3.1 0.8 1528 2.1 
NTDK60 39 0.281815 0.000019 0.00186 0.00004 0.0688 0.0016 1.46733 0.0000233 0.281762 -2.8 0.7 1485 2.5 
NTDK60 63 0.282017 0.000009 0.00093 0.00001 0.0259 0.0001 1.46729 0.000015 0.281992 3.6 0.3 1408 2.0 
NTDK60 18 0.282056 0.000017 0.00130 0.00001 0.0459 0.0002 1.46725 0.0000199 0.282022 4.3 0.6 1391 1.9 
NTDK60 88 0.281882 0.000015 0.00092 0.00000 0.0289 0.0001 1.46733 0.0000219 0.281859 -2.3 0.5 1356 2.3 
NTDK60 35 0.282061 0.000026 0.00283 0.00002 0.0907 0.0008 1.46734 0.000032 0.281990 1.3 0.9 1311 2.1 
NTDK60 32 0.281791 0.000016 0.00140 0.00000 0.0405 0.0002 1.46731 0.0000263 0.281757 -7.3 0.6 1297 2.5 
NTDK60 19 0.281911 0.000018 0.00190 0.00006 0.0704 0.0015 1.46729 0.0000227 0.281866 -4.8 0.6 1235 2.4 
NTDK60 16 0.282118 0.000012 0.00080 0.00001 0.0240 0.0002 1.46722 0.0000153 0.282099 3.4 0.4 1232 1.8 
NTDK60 61 0.282150 0.000012 0.00211 0.00001 0.0722 0.0002 1.46727 0.0000131 0.282102 2.9 0.4 1206 1.9 
NTDK60 91 0.281945 0.000014 0.00069 0.00000 0.0175 0.0002 1.46721 0.0000214 0.281930 -3.7 0.5 1183 2.2 
NTDK60 66 0.282225 0.000013 0.00175 0.00003 0.0587 0.0006 1.46733 0.000019 0.282186 5.1 0.4 1169 1.7 
NTDK60 53 0.282087 0.000014 0.00145 0.00000 0.0461 0.0002 1.46737 0.0000203 0.282056 -0.1 0.5 1144 2.0 
NTDK60 48 0.282101 0.000014 0.00117 0.00001 0.0367 0.0003 1.46725 0.0000169 0.282076 0.3 0.5 1134 1.9 
NTDK60 49 0.281635 0.000018 0.00288 0.00004 0.0930 0.0011 1.46729 0.0000218 0.281574 -17.6 0.6 1129 3.1 
NTDK60 37 0.282044 0.000018 0.00202 0.00001 0.0649 0.0005 1.46728 0.0000186 0.282002 -3.2 0.6 1095 2.2 
NTDK60 100 0.281571 0.000020 0.00213 0.00002 0.0589 0.0004 1.46731 0.0000245 0.281532 -22.6 0.7 972 3.2 
               
NTDK165C               
Sample I.D 
Sample 




NTDK165C 25 0.280993 0.000005 0.00070 0.00000 0.0226 0.0000 1.46724 0.00001 0.280955 0.4 0.2 2858 3.3 
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NTDK165C 91 0.281057 0.000005 0.00070 0.00000 0.0255 0.0004 1.46724 0.00001 0.281019 2.3 0.2 2840 3.2 
NTDK165C 56 0.280889 0.000005 0.00030 0.00000 0.0094 0.0001 1.46722 0.00001 0.280873 -3.4 0.2 2819 3.4 
NTDK165C 32 0.281055 0.000005 0.00081 0.00002 0.0263 0.0007 1.46723 0.00001 0.281013 -0.5 0.2 2731 3.3 
NTDK165C 34 0.280897 0.000005 0.00030 0.00000 0.0103 0.0000 1.46723 0.00001 0.280881 -5.7 0.2 2710 3.5 
NTDK165C 68 0.281214 0.000007 0.00075 0.00000 0.0311 0.0000 1.46724 0.00001 0.281179 -1.1 0.3 2452 3.1 
NTDK165C 11 0.281573 0.000008 0.00197 0.00001 0.0719 0.0006 1.46724 0.00001 0.281492 2.9 0.3 2149 2.7 
NTDK165C 20 0.281451 0.000006 0.00157 0.00001 0.0536 0.0002 1.46723 0.00001 0.281390 -3.7 0.2 2018 2.9 
NTDK165C 31 0.281298 0.000005 0.00132 0.00002 0.0476 0.0006 1.46723 0.00001 0.281247 -8.9 0.2 2013 3.2 
NTDK165C 41 0.281440 0.000007 0.00078 0.00001 0.0263 0.0001 1.46726 0.00001 0.281411 -4.0 0.2 1976 2.9 
NTDK165C 2 0.281327 0.000005 0.00075 0.00000 0.0232 0.0003 1.46722 0.00001 0.281299 -8.0 0.2 1974 3.1 
NTDK165C 42 0.281631 0.000005 0.00087 0.00000 0.0307 0.0001 1.46722 0.00001 0.281600 0.4 0.2 1874 2.5 
NTDK165C 15 0.281347 0.000007 0.00088 0.00000 0.0304 0.0001 1.46721 0.00001 0.281316 -9.8 0.2 1868 3.1 
NTDK165C 69 0.281492 0.000005 0.00128 0.00001 0.0462 0.0002 1.46724 0.00001 0.281447 -6.0 0.2 1833 2.9 
NTDK165C 37 0.281649 0.000006 0.00103 0.00001 0.0335 0.0001 1.46723 0.00001 0.281613 -0.5 0.2 1813 2.5 
NTDK165C 28 0.281607 0.000009 0.00136 0.00003 0.0455 0.0008 1.46729 0.00001 0.281560 -2.9 0.3 1792 2.7 
NTDK165C 46 0.281699 0.000006 0.00141 0.00000 0.0499 0.0001 1.46725 0.00001 0.281651 -0.1 0.2 1773 2.5 
NTDK165C 95 0.281725 0.000006 0.00126 0.00001 0.0463 0.0003 1.46726 0.00001 0.281684 0.4 0.2 1745 2.4 
NTDK165C 47 0.281789 0.000005 0.00059 0.00001 0.0186 0.0002 1.46724 0.00001 0.281769 3.2 0.2 1737 2.2 
NTDK165C 78 0.281805 0.000006 0.00072 0.00000 0.0235 0.0001 1.46725 0.00001 0.281782 3.4 0.2 1723 2.2 
NTDK165C 50 0.281761 0.000005 0.00086 0.00000 0.0299 0.0000 1.46722 0.00001 0.281733 1.6 0.2 1720 2.3 
NTDK165C 1 0.281882 0.000005 0.00058 0.00000 0.0216 0.0000 1.46722 0.00001 0.281864 3.9 0.2 1620 2.1 
NTDK165C 49 0.281858 0.000006 0.00117 0.00000 0.0440 0.0000 1.46721 0.00001 0.281822 1.6 0.2 1585 2.2 
NTDK165C 27 0.281893 0.000006 0.00065 0.00000 0.0243 0.0001 1.46726 0.00001 0.281874 1.0 0.2 1476 2.2 
NTDK165C 76 0.281964 0.000006 0.00091 0.00000 0.0343 0.0000 1.46719 0.00001 0.281940 2.0 0.2 1418 2.1 
NTDK165C 67 0.281961 0.000006 0.00104 0.00001 0.0407 0.0002 1.46724 0.00001 0.281933 1.5 0.2 1406 2.1 
NTDK165C 71 0.281910 0.000005 0.00126 0.00004 0.0568 0.0019 1.46722 0.00001 0.281876 -0.6 0.2 1402 2.2 
NTDK165C 12 0.281961 0.000005 0.00082 0.00001 0.0314 0.0003 1.46721 0.00001 0.281940 0.9 0.2 1369 2.1 
NTDK165C 19 0.281957 0.000005 0.00050 0.00000 0.0175 0.0000 1.46723 0.00001 0.281945 1.0 0.2 1369 2.1 
NTDK165C 33 0.281962 0.000005 0.00054 0.00000 0.0199 0.0002 1.46723 0.00001 0.281948 0.4 0.2 1337 2.1 
NTDK165C 48 0.282066 0.000005 0.00176 0.00001 0.0621 0.0001 1.46723 0.00001 0.282022 3.0 0.2 1336 2.0 
NTDK165C 23 0.282142 0.000005 0.00080 0.00000 0.0293 0.0002 1.46721 0.00001 0.282123 4.7 0.2 1252 1.8 
NTDK165C 53 0.282133 0.000009 0.00125 0.00001 0.0468 0.0003 1.46724 0.00001 0.282103 3.8 0.3 1245 1.8 
NTDK165C 72 0.282099 0.000005 0.00067 0.00000 0.0244 0.0000 1.46725 0.00001 0.282083 2.7 0.2 1224 1.8 
NTDK165C 16 0.282127 0.000005 0.00061 0.00000 0.0214 0.0000 1.46720 0.00001 0.282113 3.2 0.2 1200 1.8 
NTDK165C 4 0.282117 0.000005 0.00055 0.00000 0.0197 0.0000 1.46720 0.00001 0.282105 1.8 0.2 1152 1.8 
NTDK165C 30 0.282161 0.000007 0.00118 0.00001 0.0416 0.0003 1.46723 0.00001 0.282137 1.5 0.2 1089 1.8 
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NTDK165C 26 0.282232 0.000006 0.00113 0.00000 0.0416 0.0001 1.46721 0.00001 0.282209 4.0 0.2 1087 1.7 
NTDK165C 77 0.281631 0.000005 0.00103 0.00001 0.0406 0.0003 1.46725 0.00001 0.281610 -17.6 0.2 1072 3.0 
NTDK165C 44 0.281598 0.000005 0.00069 0.00000 0.0254 0.0000 1.46724 0.00001 0.281585 -19.4 0.2 1029 3.0 
NTDK165C 87 0.281831 0.000007 0.00054 0.00000 0.0204 0.0001 1.46723 0.00001 0.281821 -11.2 0.2 1025 2.5 
NTDK165C 29 0.282091 0.000005 0.00102 0.00001 0.0370 0.0002 1.46721 0.00001 0.282072 -2.5 0.2 1016 2.0 
NTDK165C 43 0.281995 0.000005 0.00050 0.00000 0.0165 0.0000 1.46722 0.00001 0.281985 -5.7 0.2 1007 2.2 
NTDK165C 39 0.282129 0.000006 0.00115 0.00000 0.0427 0.0001 1.46723 0.00001 0.282108 -1.7 0.2 995 2.0 
NTDK165C 70 0.282086 0.000006 0.00069 0.00001 0.0241 0.0005 1.46722 0.00001 0.282073 -3.0 0.2 992 2.0 
NTDK165C 17 0.282140 0.000005 0.00054 0.00000 0.0198 0.0001 1.46721 0.00001 0.282130 -1.1 0.2 986 1.9 
NTDK165C 93 0.282185 0.000007 0.00061 0.00000 0.0209 0.0000 1.46724 0.00001 0.282173 0.4 0.2 982 1.8 
NTDK165C 3 0.281629 0.000005 0.00057 0.00000 0.0199 0.0000 1.46723 0.00001 0.281618 -19.5 0.2 972 3.0 
NTDK165C 22 0.282185 0.000006 0.00087 0.00000 0.0328 0.0001 1.46723 0.00001 0.282169 0.0 0.2 972 1.8 
NTDK165C 36 0.281627 0.000005 0.00041 0.00000 0.0155 0.0001 1.46725 0.00001 0.281620 -20.9 0.2 910 3.0 
NTDK165C 10 0.281594 0.000006 0.00052 0.00000 0.0177 0.0000 1.46722 0.00001 0.281586 -22.5 0.2 892 3.1 
               
NTDK165B               
Sample I.D 
Sample 




NTDK165B 44 0.280820 0.000008 0.00254 0.00001 0.0873 0.0008 1.46726 1.1E-05 0.280674 -6.7 0.3 2981 4.0 
NTDK165B 26 0.280861 0.000007 0.00069 0.00001 0.0223 0.0002 1.46729 1.1E-05 0.280826 -8.0 0.3 2694 3.7 
NTDK165B 46 0.281142 0.000005 0.00045 0.00000 0.0157 0.0000 1.46723 8.7E-06 0.281121 -4.5 0.2 2398 3.2 
NTDK165B 15 0.281516 0.000007 0.00074 0.00001 0.0240 0.0001 1.46725 1.2E-05 0.281485 3.8 0.2 2198 2.6 
NTDK165B 69 0.281490 0.000006 0.00071 0.00000 0.0233 0.0001 1.46726 9.3E-06 0.281461 1.9 0.2 2152 2.6 
NTDK165B 39 0.281484 0.000005 0.00048 0.00000 0.0164 0.0001 1.46725 9.5E-06 0.281465 1.8 0.2 2144 2.6 
NTDK165B 43 0.281441 0.000007 0.00037 0.00001 0.0108 0.0001 1.46728 9.9E-06 0.281426 -0.5 0.2 2100 2.7 
NTDK165B 36 0.281128 0.000005 0.00011 0.00000 0.0038 0.0000 1.46724 9.3E-06 0.281124 -11.9 0.2 2072 3.4 
NTDK165B 66 0.281590 0.000006 0.00105 0.00001 0.0393 0.0003 1.46724 8.2E-06 0.28155 1.0 0.2 1976 2.6 
NTDK165B 23 0.281311 0.000012 0.00089 0.00001 0.0284 0.0002 1.46727 2.0E-05 0.281278 -9.5 0.4 1940 3.2 
NTDK165B 13 0.281495 0.000014 0.00116 0.00003 0.0351 0.0007 1.46731 2.0E-05 0.281453 -4.4 0.5 1892 2.8 
NTDK165B 52 0.281557 0.000007 0.00166 0.00001 0.0552 0.0004 1.46726 9.9E-06 0.281498 -2.9 0.3 1889 2.8 
NTDK165B 17 0.281522 0.000005 0.00125 0.00000 0.0420 0.0001 1.46725 8.5E-06 0.281478 -4.3 0.2 1857 2.8 
NTDK165B 29 0.281686 0.000008 0.00133 0.00000 0.0467 0.0002 1.46723 1.3E-05 0.28164 0.2 0.3 1803 2.5 
NTDK165B 57 0.281596 0.000010 0.00115 0.00000 0.0332 0.0002 1.46727 1.6E-05 0.281557 -3.0 0.4 1793 2.7 
NTDK165B 37 0.281695 0.000006 0.00156 0.00002 0.0514 0.0005 1.46726 9.6E-06 0.281642 -0.6 0.2 1767 2.5 
NTDK165B 38 0.281877 0.000005 0.00112 0.00002 0.0424 0.0006 1.46724 8.9E-06 0.281844 1.9 0.2 1561 2.2 
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NTDK165B 8 0.281783 0.000006 0.00091 0.00001 0.0313 0.0004 1.46724 9.2E-06 0.281757 -1.8 0.2 1535 2.4 
NTDK165B 76 0.282004 0.000022 0.00174 0.00001 0.0464 0.0002 1.46724 3.1E-05 0.281956 3.5 0.8 1458 2.0 
NTDK165B 34 0.281991 0.000008 0.00096 0.00001 0.0300 0.0004 1.46725 1.3E-05 0.281964 3.7 0.3 1456 2.0 
NTDK165B 71 0.281944 0.000007 0.00131 0.00001 0.0447 0.0002 1.46724 1.1E-05 0.281909 1.0 0.3 1423 2.1 
NTDK165B 21 0.282024 0.000007 0.00185 0.00001 0.0628 0.0001 1.46726 9.1E-06 0.281975 3.3 0.3 1421 2.0 
NTDK165B 54 0.281976 0.000008 0.00109 0.00000 0.0393 0.0002 1.46722 1.1E-05 0.281947 2.1 0.3 1413 2.1 
NTDK165B 61 0.282131 0.000005 0.00081 0.00000 0.0251 0.0001 1.46723 8.0E-06 0.282111 5.3 0.2 1296 1.8 
NTDK165B 9 0.282096 0.000005 0.00116 0.00000 0.0373 0.0002 1.46724 8.7E-06 0.282068 3.7 0.2 1292 1.9 
NTDK165B 65 0.281957 0.000009 0.00583 0.00011 0.2266 0.0038 1.46724 9.6E-06 0.281817 -5.7 0.3 1271 2.7 
NTDK165B 74 0.282074 0.000007 0.00081 0.00001 0.0267 0.0001 1.46724 1.1E-05 0.282055 1.8 0.2 1230 1.9 
NTDK165B 4 0.282125 0.000008 0.00091 0.00001 0.0333 0.0005 1.46724 1.2E-05 0.282104 3.5 0.3 1228 1.8 
NTDK165B 53 0.282075 0.000009 0.00077 0.00001 0.0248 0.0001 1.46729 1.4E-05 0.282057 1.6 0.3 1220 1.9 
NTDK165B 70 0.282043 0.000009 0.00111 0.00001 0.0339 0.0003 1.46728 1.3E-05 0.282018 0.0 0.3 1209 2.0 
NTDK165B 53 0.281931 0.000006 0.00085 0.00000 0.0324 0.0002 1.46723 9.5E-06 0.281912 -4.3 0.2 1187 2.3 
NTDK165B 45 0.282098 0.000006 0.00087 0.00001 0.0275 0.0003 1.46724 9.9E-06 0.282079 1.4 0.2 1174 1.9 
NTDK165B 40 0.282097 0.000007 0.00079 0.00001 0.0273 0.0003 1.46724 1.1E-05 0.28208 -0.1 0.2 1105 1.9 
NTDK165B 31 0.282115 0.000007 0.00159 0.00002 0.0592 0.0009 1.46725 1.1E-05 0.282084 -2.0 0.3 1019 2.0 
NTDK165B 5 0.282067 0.000008 0.00150 0.00000 0.0618 0.0002 1.46722 1.2E-05 0.282039 -3.9 0.3 1007 2.1 
NTDK165B 30 0.282090 0.000007 0.00014 0.00001 0.0063 0.0003 1.46727 1.1E-05 0.282087 -2.2 0.2 1002 1.9 
NTDK165B 73 0.281988 0.000010 0.00077 0.00001 0.0255 0.0001 1.46730 1.5E-05 0.281973 -6.5 0.4 993 2.3 
NTDK165B 25 0.281982 0.000007 0.00094 0.00001 0.0347 0.0003 1.46722 1.1E-05 0.281965 -6.8 0.2 991 2.2 
NTDK165B 27 0.282051 0.000007 0.00060 0.00001 0.0193 0.0001 1.46720 1.2E-05 0.28204 -4.7 0.2 969 2.1 











Table F1: Summary of the petrographic, geochemical, and geochronological characteristics of the BSU sedimentary rocks. 
Sample name Cordinates Rock name Petrography Weathering intensity 
Upper clastic 
unit Latitude Longitude     CIA   
NTDK 328B 7.0038 0.3795 Subarkose Fine grained, angular grains 62 Low 
NTDK 209B 6.4320 0.1400 Sublitharenite 
Medium to coarse grained, sub-rounded 
grains 60 Low 
NTDK 165B 7.3851 0.4148 Sublitharenite 
Fine to coarse grained, angular to 
subrounded grains 61 Low 
NTDK 270 8.0504 0.4544 Shale x 73 Moderate 
NTDK 165C 7.3851 0.4148 Diamictite 
Coarse grained, subangular to rounded 
grains 80 High 
NTDK 60 7.6816 0.4599 Sublitharenite 
Fine to medium grained, subangular to 
subrounded 82 High 
NTDK 59 7.6825 0.4581 Shale x 73 Moderate 
NTDK 260 8.0551 0.4264 Lithic subarkose 
Medium grained, subangular to 
subrounded 88 High 
NTDK 237 7.6686 0.3786 Quart arenite 
Fine to medium grained, subrounded to 
rounded grains 73 Moderate 
Lower clastic 
unit       
NTDK 124B 7.3592 0.5151 Shale x 65 Low 
NTDK 3 8.0888 0.4810 Quart arenite 
Fine to medium grained, rounded 
grains 80 High 
NTDK 242B 7.6936 0.3965 Shale x 62 Low 








clastic unit ICV SiO2/Al2O3 Na2O/K2O     
NTDK 328B x 7 0.83 Poorly-sorted, immature, low recycling Felsic 
NTDK 209B x 6 2.69 
Well-sorted, immature to moderately mature, low to 
moderately recycling Felsic 
NTDK 165B x 9 0.82 
Poorly to moderately, sorted, immature to moderately mature, 
low to moderately recycling Felsic 
NTDK 270 1.42 x x Poorly-sorted, immature, low recycling Felsic 
NTDK 165C x 35 0.54 
Moderately sorted, moderately mature, low to moderate 
recycling Felsic 
NTDK 60 x 25 0.04 
Moderately to well-sorted, moderately mature, moderately 
recycling Felsic 
NTDK 59 1.13 x x Poorly-sorted, immature, low recycling Felsic 
NTDK 260 x 20 0.04 
Moderately sorted, moderately mature, low to moderate 
recycling Felsic 
NTDK 237 x 53 0.23 Well-sorted, mature, recycled Felsic 
Lower clastic unit     
NTDK 124B 1.11 x x Poorly-sorted, immature, low recycling Felsic 
NTDK 3 x 27 0.24 Well-sorted, mature, recycled Felsic 





APPENDIX F: continued 
Sample name 
Tectonic 
setting Geochronology Youngest age 
Epsilon Hf 
value 
Hf crustal model 
age Provenance 
Upper clastic unit             
NTDK 328B PM x x x x 
AC and 
WAC 
NTDK 209B PM x x x x 
AC and 
WAC 
NTDK 165B PM Yes 969 Ma -21.3 to +5.3 4.0 - 1.8 Ga 
AC and 
WAC 
NTDK 270 PM x x x x 
AC and 
WAC 
NTDK 165C PM Yes 972 Ma -22.5 to +4.7 3.5 - 1.7 Ga 
AC and 
WAC 
NTDK 60 PM Yes 1092 Ma -22.6 to +5.1 3.6 - 1.7 Ga 
AC and 
WAC 
NTDK 59 PM x x x x 
AC and 
WAC 
NTDK 260 PM Yes 1123 Ma -15.3 to +6.0 3.5 - 1.8 Ga 
AC and 
WAC 
NTDK 237 PM Yes 1163 Ma -20.0 to +4.3 4.3 - 2.0 Ga 
AC and 
WAC 
Lower clastic unit       
NTDK 124B PM x x x x 
AC and 
WAC 
NTDK 3 PM Yes 1331 Ma -14.4 to +8.6 3.6 - 2.1 Ga 
AC and 
WAC 







Table G1: Pairwise comparison of the confidence intervals of zircon U-Pb age distributions among the individual samples of the BSU and with 
published data, using the 1-O parameter of Andersen et al. (2016) as a measure of difference. Green = O, White = 0 - 0.05, Red = >0.05, and 
Grey = no data. LUC = Lower clastic units. Published data are from Kalsbeek et al. (2008) and Ganade de Araujo et al. (2016).   
  BUEM STRUCTURAL UNIT VOLTAIAN SUPERGROUP TOGO STRUCTURAL UNIT 


























    Hf-isotope overlap                 
NTDK165B   0 0 0 0.2 0.13               
NTDK165C 0   0 0 0.13 0.11               
NTDK60 0 0   0 0.14 0.14               
NTDK260 0 0 0   0.06 0.02               
NTDK237 0.2 0.2 0.14 0.14   0               
NTDK3 0.19 0.19 0.14 0.13 0                 
DKE-361B 0.14 0.16 0.19 0.19 0.32 0.31                
GH 05 0 0 0 0 0.14 0.13 0.22               
GH 07 0.01 0 0 0 0.05 0.1 0.26 0              
GH 24 0.04 0.05 0.09 0.07 0.3 0.29 0 0.13 0.16             
GH 26 0 0 0.02 0.03 0.25 0.24 0.06 0 0.05 0            
DKE-362 0.06 0.07 0.11 0.11 0.29 0.29 0 0.14 0.17 0 0           
GH 21 0.14 0.15 0.21 0.18 0.32 0.31 0 0.23 0.26 0.04 0.16 0          
GH2 0.1 0.01 0 0 0.05 0.07 0.28 0 0 0.19 0.05 0.18 0.28         
GH 03 0.18 0.18 0.14 0.13 0 0.02 0.3 0.12 0.1 0.27 0.22 0.27 0.3 0.11        
DKE-366 0.08 0.08 0.15 0.14 0.33 0.32 0 0.19 0.23 0 0.01 0 0 0.27 0.3       
DKE353B 0 0 0 0 0.18 0.18 0.18 0 0 0.05 0 0.1 0.18 0 0.16 0.11      
DKE-367 0.19 0.16 0.13 0.13 0 0 0.31 0.12 0.07 0.26 0.22 0.28 0.31 0.06 0.01 0.32 0.15     
GH 10 0 0 0 0 0.16 0.15 0.24 0 0 0.1 0.03 0.14 0.24 0 0.14 0.19 0 0.14    





Table G2: Pairwise comparison of the upper clastic units of the BSU showing extensive similarity to the Bombouaka and Oti group, and the 
TSU. 
  Buem structural unit Voltaian supergroup Togo structural unit 
 Upper clastic unit     Obosum group Bombouaka group  Quartzite 
  NTDK165B NTDK165C NTDK60 NTDK260 GH 05 GH 07 GH 26 GH2 DKE353B GH 10 GH 12 
NTDK165B             
NTDK165C 0            
NTDK60 0 0           
NTDK260 0 0 0          
GH 05 0 0 0 0         
GH 07 0.01 0 0 0 0        
GH 26 0 0 0.02 0.03 0 0.05       
GH2 0.1 0.01 0 0 0 0 0.05      
DKE353B 0 0 0 0 0 0 0 0     
GH 10 0 0 0 0 0 0 0.03 0 0    
GH 12 0 0 0 0 0 0.05 0.05 0.09 0 0.03   
 
Table G3: Pairwise comparison of the upper clastic units of the lower clastic unit and the lower part of the upper clastic unit of the BSU 
extensive similarity to lower Bombouaka group and the TSU 
  Buem structural unit Voltaian super group Togo structural unit 
 UPPER CLASTIC UNIT 
LOWER 
CLASTIC UNIT Bombouaka group Quartzite 
  NTDK237 NTDK3 GH 03 DKE-367 
NTDK237      
NTDK3 0     
GH 03 0 0.02    
DKE-367 0 0 0.01   
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Fold and thrust belt
Pan-African orogeny
A B S T R A C T
The Buem Structural Unit (BSU) occurs about 50 km west of the high-pressure (HP) rocks of the Pharusian suture
zone (PSZ) of the Dahomeyide Orogen, West Africa. Shale and sandstone intercalations form the base of the BSU,
followed by serpentinised peridotite, gabbro, massive and pillow basalts (fragment of oceanic crust), jasper/
chert, and limestone/dolostone, with sandstone and diamictite forming the top of the BSU. The package was
deformed at lower greenschist-facies conditions during the Pan-African orogeny. The N-S-trending BSU has been
affected by three deformational events. The main deformation event D2, which transposed bedding-parallel D1
fabrics, produced a steeply ENE-dipping S2 tectonic foliation. S2 is axial planar to upright or west-verging
isoclinal and chevron F2 folds. Top-to-the-west D2 shear zones in the sandstone, shale and serpentinised peri-
dotite are associated with a down-dip ENE-plunging L2 stretching lineation. The mafic-ultramafic rocks occur as
D2 tectonic slices, marking the boundaries between thrust sheets within the BSU. The D2-related N-S trending
structural and short-wavelength (< 1 km) magnetic grain of the BSU is superimposed on ENE-trending long-
wavelength (> 1 km) magnetic anomalies that are continuous along trend with the regional structures of the
West African Craton (WAC) and are interpreted as signals from the basement rocks of the BSU. D2 deformation is
interpreted to result from overthrusting of the BSU onto the southeastern margin of the WAC during collision of
the WAC and Benino-Nigerian Shield (BNS). Meter-scale, steep and open F3 kink and crenulation folds with
steeply SE-dipping axial planes are sporadically observed throughout the entire BSU. D3 deformation is inferred
to reflect a period of NW-SE-shortening. Deformation history of the BSU shares structural similarities with the
one of the PSZ. We, therefore, interpret the BSU as an allochthonous fold and thrust belt with a geodynamic
evolution involving subduction of the WAC beneath the BNS and the ensuing collision between the two terranes.
The tectonic framework of the BSU suggests a geodynamic evolution of the Dahomeyide Orogen evolving from
initial accretion of oceanic crust and deposition of passive margin sedimentary sequences, and their inversion
due to continent-continent collision during the Pan-African orogeny.
1. Introduction
The Dahomeyide Orogen, along the southeastern margin of the West
African Craton (WAC) comprises passive and active margin units, ul-
trahigh to high pressure (UHP-HP) oceanic terranes, basement com-
plexes and post-collisional sedimentary basins (e.g. Attoh, 1998;
Ganade de Araujo et al., 2014; Guillot et al., 2019). The Dahomeyide
Orogen formed during the Pan-African orogeny and assembly of NW
Gondwana between 780 and 540 Ma (Ganade de Araujo et al., 2014,
2016), related to the subduction of an oceanic basin, the Pharusian
Ocean, followed by continental subduction of the WAC, and continent-
continent collision with the Benino-Nigerian Shied (BNS; e.g. Attoh,
1998; Attoh et al., 2006; Agbossoumondé et al., 2002, 2004; Duclaux
et al., 2006; Ganade de Araujo et al., 2014, 2016; Guillot et al., 2019).
The Buem Structural unit (BSU) in Ghana is represented by weakly
metamorphosed fragments of oceanic lithosphere (Burke and Dewey,
1972; Affaton et al., 1997; Asiedu et al., 2008; Nude et al., 2015) as-
sociated with passive margin and continental sedimentary units (Jones,
1990; Affaton et al., 1997; Nude et al., 2015). A well-defined suture, the
Pharusian suture zone (PSZ), is marked by the occurrence of eclogite
and granulite gneisses, some 50 km east of the BSU. This belt of UHP-
HP rocks was exhumed during E-W oceanic closure involving con-
tinental subduction at ca. 620–605 Ma (Affaton et al., 2000; Hirdes and
Davis, 2002; Guillot et al., 2019). The BSU is separated from the PSZ by
a discontinuous belt of Paleoproterozoic mylonitic granitoid gneisses
(locally referred to as the Ho-gneisses, e.g. Attoh 1998; Attoh et al.,
https://doi.org/10.1016/j.precamres.2019.105568
Received 26 August 2019; Received in revised form 7 December 2019; Accepted 9 December 2019
⁎ Corresponding author.
E-mail addresses: danielk@uj.ac.za, 217039544@student.uj.ac.za (D. Kwayisi).
Precambrian Research 338 (2020) 105568
Available online 19 December 2019
0301-9268/ © 2019 Elsevier B.V. All rights reserved.
T
287
2007) and the metasedimentary rocks of the Togo Structural unit (TSU;
Ghana National Geological Map Project, 2009). How the BSU, a domain
of at least partial oceanic affinity, but physically separated from the PSZ
units, relates to the formation of the orogenic belt remains enigmatic.
For instance, Jones (1990) suggested that the BSU formed during rifting
of continental crust and was not affected by the Pan-African collision.
On the contrary, Affaton et al. (1997) indicated that the BSU underwent
a major thrusting event under both ductile and brittle conditions. These
different interpretations are mainly due to the poor documentation of
the lithostratigraphic sequence and structural relations of the various
units within the BSU and the lack of detailed structural and petrological
studies.
This paper presents for the first time high-resolution magnetic and
radiometric data for the entire Ghanaian portion of the BSU. These are
used to review the surface and deep crustal architecture of this belt. The
total magnetic intensity and radiometric data have been interpreted in
conjunction with the existing 1:1,000,000 scale geological map, a di-
gital elevation model using Shuttle Radar Topography Mission (SRTM
3; 30 m spatial resolution) data, and field data. In addition, this paper
describes the deformation history of the BSU in order to provide con-
straints on its tectonic evolution in the framework of the geodynamic
evolution of Pan-African Dahomeyide Orogen of West Africa.
2. Geological setting
The WAC stabilised tectonically after the last main phase of the
Eburnean orogeny at ca. 2000 Ma (Schlueter, 2005; Petters, 2014). The
WAC is surrounded entirely by Pan-African Mobile Belts (Fig. 1a; Ennih
and Liégeois, 2008). Among these is the Trans-Saharan mobile belt (of
which the Dahomeyide Orogen is a part; Black et al., 1979, 1994;
Affaton et al., 1991; Attoh and Nude, 2008), which occurs at the eastern
margin of the WAC. The Anti-Atlas, Rockelide, and Bassaride/Maur-
itanide belts occupy the northern, southern, and western margins of the
WAC (Villeneuve and Dallmeyer, 1987; Hefferan et al., 2000; Ennih and
Liegeois, 2001). The WAC in Ghana consists of alternating ENE-
trending greenstone and metasedimentary belts of the Birimian Su-
pergroup (Fig. 1b) assembled at ~2.1 Ga during the Eburnean orogeny,
intruded by Eburnean granitoids, and overlain by the slightly younger
clastic sedimentary rocks of the Tarkwaian Group. The sedimentary
rocks of the ca. 900 to 450 Ma Voltaian Supergroup occupy the
southeastern part of the WAC and border the Dahomeyide Orogen to
the west (Fig. 1b).
In Ghana, Togo and Benin, the southern segment of the long
(> 2500 km) Trans-Saharan mobile belt is exposed as the Dahomeyide
Orogen (Fig. 1a, e.g., Trompette, 1997; Ganade de Araujo et al., 2014).
This orogen resulted from the eastward subduction of Neoproterozoic
passive margin sequences and Pharusian oceanic crust, and subsequent
collision of the WAC with the BNS (Attoh, 1998; Castaing et al., 1993;
Agbossoumonde et al., 2004; Duclaux et al., 2006; Attoh et al., 2013).
The Dahomeyide Orogen is separated from the Paleoproterozoic Bir-
imian rocks and the Voltaian Supergroup by the generally N-S trending,
west-verging Pan-African frontal thrust, (Fig. 1b; Ghana National
Geological Mapping Project, 2009). Three structural units have been
identified within the Dahomeyide Orogen, namely, the Buem, Togo and
Dahomeyan structural units (from west to east on Fig. 1b; Attoh, 1982;
Ghana National Geological Mapping Project, 2009). The Buem and the
Togo structural units are part of the external zone, whereas the Daho-
meyan Structural Unit comprises the suture, the internal zones, and a
part of the external zone (Ho-gneisses). These three zones possess dis-
tinct gravity anomalies (El-Hadj Tidjani et al., 1997). The external zone
is characterised by a negative isostatic anomaly interpreted to reflect
the presence of a crustal root. The suture and internal zones feature
strong positive anomalies, which are connected with heavy deep
structures, interpreted to correspond to a root of basic rocks, e.g. an
underplated fore-arc (Guillot et al., 2019).
The Togo Structural Unit (TSU) and the Voltaian Supergroup border
the BSU to the east and west, respectively (Fig. 1b). Rocks of the BSU
extend from Ghana through to Togo and Benin, and form a belt that is
about 750 km long and 5–50 km wide (Affaton, 1990; Affaton et al.,
1997). The BSU consists of sedimentary, volcanic and mafic-ultramafic
plutonic rocks (e.g. Affaton, 1990; Jones, 1990; Affaton et al., 1997;
Nude et al., 2015; Kwayisi et al., 2017). Detrital zircon ages of the se-
diments of the BSU indicate that two main sources exist. A population
with the youngest zircons dated at ~950–1000 Ma correlates with the
lower part of the Voltaian Supergroup and is interpreted as passive
margin deposits of the Pharusian Ocean (Kalsbeek et al., 2008). A
younger population with detrital zircons as young as ~600 Ma corre-
lates with the middle Voltaian Supergroup sediments and is interpreted
as foreland deposits shed from the eastern internal units after collision
(Ganade de Araujo et al., 2016). Recent work by Nude et al. (2015) and
Kwayisi et al. (2017) has focused on the volcanic and associated ma-
fic–ultramafic plutonic rocks of the BSU (Fig. 1c). The volcanic rocks
are mainly alkali and subalkaline basalts, basaltic-andesite and trachyte
(Nude et al., 2015) associated with pyroclastic rocks and volcanic
breccias (Kwayisi, 2014; Kwayisi et al., 2017). The mafic–ultramafic
plutonic rocks are gabbro and serpentinised peridotite (Kwayisi et al.,
2017). There is little agreement on the stratigraphy of the BSU in the
literature (Table S1 of Supplementary data), because of folding and
thrust faulting, and because different authors focused on different parts
of the BSU.
Affaton et al. (1997) described the Buem volcanic rocks in the Tiele
area, NW Benin (Fig. 1c) as having undergone extension-related me-
tamorphism, under prehnite-pumpellyite facies conditions. These au-
thors reported later mineralogical re-equilibration under slightly higher
pressure pumpellyite-actinolite facies, associated with burial during the
Pan-African orogeny, but without noticeable temperature increase. In
Ghana, lower greenschist facies metamorphism (chlorite, epidote, and
albite) is inferred from the volcanic rocks and the sandstones (Jones,
1990; Nude et al., 2015). The BSU was deformed by west-verging im-
bricated thrust systems and duplexes (Affaton, 1990; Affaton et al.,
1997). The thrust sheets are rarely associated with the occurrence of
serpentinite (Wright et al., 1985; Griffis et al., 2002). Jones (1990)
identified two NE-SW striking main faults (North and South Nkonya)
that are located between Kpandu and Fudome (Fig. 1c). Nude et al.
(2015) suggested that the volcanic rocks have been displaced to the east
by the North Nkonya fault. The inferred offset of the top of the volcanic
rocks across the north and south faults implies a dextral displacement
on the southern fault and a sinistral displacement on the northern fault
(Jones, 1990).
3. Field relations and structures
The BSU features several broadly N-S trending ridges and valleys,
which are strongly influenced by the lithological units. Detailed field
mapping has highlighted the occurrence of sedimentary (clastic and
chemical), volcanic and mafic–ultramafic plutonic rocks within the BSU
(Table 1). Fig. 2 presents the tectono-stratigraphic column of the BSU,
which will be discussed from bottom to top. Structurally, slate, schist,
and arkosic sandstone occupy the base of the BSU, followed progres-
sively upwards by peridotite, gabbro, and massive and pillow lavas,
turbiditic shale/greywacke and chemical sediments, with quartz-rich,
diamictite, and volcaniclastic sandstone forming the upper part of the
BSU (Fig. 2). The sandstone, diamictite and occasionally ironstone
make up the ridges with the shale occupying the valleys and lowlands.
The volcanic, mafic and ultramafic plutonic rocks, jasper, chert, and
limestone/dolostone also form ridges; however, they are not as pro-
minent as the sandstone ridges.
The slate and schist are strongly folded and foliated (with the
growth of chlorite and muscovite); schistosity is best developed espe-
cially at the contact with the igneous rocks. The slate is occasionally
intercalated with sandstone (Fig. 3a). The peridotite has undergone
various degrees of serpentinisation, brecciation and schistosity
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development (Fig. 3b) but its primary cumulate texture, is well-pre-
served in many places. The peridotite units are typically overlain by the
gabbro with a tectonic contact. In places, a thin layer (about 2 m) of
limestone/dolostone overlies the peridotite with a primary contact (e.g.
near Aburubuwa, Fig. 3b). Primary contacts between gabbro and vol-
canic rocks are locally preserved, suggesting a shared pre-deformation
geological history. However, in most places, the gabbro shows schist-
osity (Fig. 3c) marked by chlorite and epidote, and structurally underlie
the volcanic rocks with a tectonic contact. The jasper/chert either oc-
curs as a cm-thick veins within the pillow lavas or is interlayered with
limestone/dolostone or massive beds overlying the volcanic rocks
(Fig. 3d and 3e). This association may suggest the formation of the
jasper/chert and limestone/dolostone in a marine environment.
The pillow lavas range in size from about 0.3 to 2 m with down-
ward-pointing bases and rounded upper surfaces observed on hor-
izontal pavement outcrops suggesting that the lavas have been steeply
folded around a NNW-plunging axis (Fig. 3f). At the contact with the
sedimentary and mafic–ultramafic plutonic rocks, the volcanic rocks
are schistose with steep dips to the east or west (Fig. 3g). Thin layers
(0.5 to 1 m) of reddish shale and sandstone, and turbiditic shale/
greywacke sometimes occur within the volcanic rocks. These sedi-
mentary rocks are deformed, showing elongation and preferred or-
ientation of their framework grains. Massive and thick (0.5 to 1 m) beds
characterise the sandstone and diamictite (Fig. 3h). Rock fragments
within the diamictite include granitoids, metamorphic rocks (such as
slate, schist, and quartzite), and fragments of sandstones, greywacke,
and volcanic rocks. Thin (1 to 5 cm) layers of slate often occur as in-
terbeds within the diamictite and sandstone.
Three tectonic foliations (S1, S2, and S3) are developed throughout
the rocks of the BSU. The ubiquitously developed NNW-striking S2
foliation (Fig. 4a) is axial planar to isoclinal and chevron F2 folds that
are cylindrical at mesoscale (Fig. 4a-c). S2 has folded an existing but
poorly preserved bedding-parallel metamorphic planar fabric (S0-1;
Fig. 4c). Poles to S2 planes broadly cluster along a WSW-ENE direction
(Fig. 5a) which is compatible with shallow to sub-horizontal NNW-
trending B2 fold axes (Fig. 5b, open diamonds). The moderate scat-
tering in dip angle of the main metamorphic foliation in Fig. 5a is in-
terpreted as fanning of S2 and/or not fully S2-transposed S0-1 folia-
tions. S2 is marked by shape-preferred orientation of quartz, albite,
chlorite, and muscovite in the slate and quartzite, and chlorite, epidote,
and albite in the mafic volcanic and plutonic rocks, and serpentine in
the ultramafic rocks (Fig. 4c and 4d). S2 is strongly developed in the
slate and schistose peridotite and more weakly in the volcanic and
schistose gabbro, jasper/chert, limestone/dolostone, and quartzite.
Locally-developed bedding- and S2-parallel shear zones range in
length from 3 to 10 m and in width between 0.5 and 1 m (Fig. 6). Shear
zone-bounded internal S2 schistosity is sigmodal in shape and asso-
ciated with down-dip L2 slicken or stretching lineations (Fig. 5b, filled
Fig. 1. (a) Simplified tectonic map of the West African craton and surrounding Pan-African and Hercynian orogenic belts (modified after Ennih and Liégeois, 2008).
(b) Geological map of the Pan-African orogenic belt in Ghana, Togo and Benin and adjoining Paleoproterozoic Birimian rocks to the west. Note the internal crustal
architecture of the WAC in Ghana marked by ENE-trending belts. (c) Geological map of the Buem Structural Unit (extracted from the 1,000,000 geological map of
Ghana, 2009).
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diamonds).
F3 kink bands, crenulations, and S-type folds (Fig. 3f, 4e, and 4f
respectively) exhibit sub-vertical to steeply SE-dipping axial planes
(Fig. 5c, filled squares), parallel to locally developed S3 tectonic fo-
liation. B3 fold axes are shallowly to steeply ENE-plunging; the spread
representing the variation in orientations of the folded S2 foliation
(Fig. 5c, open squares).
4. Geophysical data and processing
4.1. Geophysical data
The Geological Survey Authority of Ghana (GSA), in partnership
with the Geological Survey of Finland (GKT) and the Minerals
Commission of Ghana, acquired the airborne geophysical data between
1997 and 1998. During the aeromagnetic survey, a nominal flight line
spacing of 400 m with a flying height of 70 m and a tie-line of ap-
proximately 5 km were maintained for the terrain. The survey was
flown along an east–west direction (i.e., orthogonal to the main struc-
tural grain of the BSU) by means of a fixed-wing aeroplane (Cessna
Titan 404 (C-FYAU)) with a resolution of 0.01 nT and a noise envelope
of 0.1 nT. Measurements were taken every 8 m. Radiometric data
sampling was done every 80 m using an aeroplane with Exploranium
spectrometer (model GR-820) with 256 spectral channels and a GPX-
1024 detector with 1024 cubic inches of NaI (Tl) (sodium iodide
crystals treated with thallium) mounted on it. Real-time differential
GPS was used for positioning. These data were integrated with SRTM 3,
and with both published and our new geological and structural data for
a better interpretation.
4.2. Data processing
Before detailed processing and transformation of the aeromagnetic
and radiometric data, GKT performed the following corrections: diurnal
variations, differences in terrain clearance, stripping, the lag error be-
tween the aeroplane and the sensor, instrument variation, discrepancies
between flight lines and tie lines, aeroplane heading, micro-levelling,
and background correction. The micro-levelling corrected the small
inconsistencies and spatially homogenised the data and made it possible
to generate a better image for analysis. The corrected Total Magnetic
Intensity (TMI) and radiometric data were interpolated onto a square
grid using a grid cell size of 100 m (Figs. 7–9 and Supplementary Fig. 1
and Supplementary Fig. 2).
4.2.1. Aeromagnetic data: Total magnetic intensity (TMI)
Milligan and Gunn (1997) and Guy et al. (2014) suggested that,
since the appearance of a magnetic signal is heavily reliant on the in-
clination of the ambient geomagnetic field, the magnetic signals are
asymmetric and are not centred above their causative bodies except at
the magnetic poles where the magnetic field is vertical. As such, a
commonly employed procedure is to transform the magnetic anomalies
to that which would be observed in a vertical geomagnetic field and to
centre them over their sources (Gunn, 1997). Mathematical transfor-
mation or filtering methods, such as Reduce-to-the-Pole (RTP) and
analytic signal (AS), are usually applied to place the magnetic anomaly
as if it sits over the magnetic source (Gunn, 1997). However, in areas of
low magnetic inclination (i.e., areas close to the equator; inclina-
tion< 15°) the traditionally performed RTP becomes unstable
(MacLeod et al., 1993; Li, 2008). Also, N-S oriented anomalies could not
be represented accurately at low inclinations (Beard, 2000; Reeves,
2005). Hence, in low magnetic inclination areas, the Reduce-to-the-
Equator (RTE) or some modification of the RTP are applied (MacLeod
et al. 1993; Li, 2008). The magnetic inclination for the BSU was found
to be 12.5° thus the RTE transformation was applied to the gridded
image (Fig. 8a).
In general, magnetic anomalies are always broader than the cau-
sative body, and this creates a problem of anomaly interference be-
tween adjacent bodies, causing the delineation of the edges of bodies to
be very difficult. To resolve this and make qualitative interpretation
easier, processing using the First Vertical Derivative (1VD) and the
Analytical Signal (AS) was done (Fig. 8b and Supplementary Fig. 1a).
1VD is a good method for resolving anomalies in TMI maps by pre-
serving peak amplitudes over the causative magnetic bodies while
suppressing the regional magnetic field component (Paine, 1986). The
1VD reduces the width of anomalies and match more closely the source
body. The AS technique is used to locate the edges of remanently
magnetized bodies and to centre anomalies over their source bodies.
This is based on the premise that the strength of magnetisation of rocks
is directly proportional to their analytical signal. Oruc and Selim (2011)
indicated that long-wavelength anomalies are not necessarily dimin-
ished when delineating linear features by applying edge delineation
filters. Hence, a Tilt-Angle Derivative (TDR) filter was applied to en-
hance short-wavelength anomalies and expose the presence of magnetic
lineaments (Fig. 8d). Upward continuation filtering aided in de-
termining the depth range of deeper magnetic sources (Fig. 8c and 8d,
and Supplementary Fig. 1c and Fig. 1d).
With the Depth-to-Basement extension on Geosoft Oasis Montaj, the
depth-to-basement of the magnetic source was determined, employing
Werner Deconvolution (WD). WD can determine the position and
Fig. 2. Tectono-stratigraphic sequence of the BSU, showing primary and sec-
ondary relationships between the different units. Thick lines in-between units
represent tectonic contacts, whereas faint lines represent primary or strati-
graphic contacts.
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strength (i.e. magnetic susceptibility) of a magnetic causative body for a
magnetic profile by using the horizontal and vertical derivatives and a
least-squares approach (Ku and Sharp, 1983). The authors suggested
that this method is particularly useful because the horizontal gradient
of the total magnetic field produced by the edge of a wide tabular body
is comparable to the total field from juxtaposed thin dykes. WD makes
the assumption that the causative body were either dykes or contacts
with unlimited depth range.
4.2.2. Radiometric data
The radiometric data were gridded and subjected to several en-
hancing techniques for better understanding of the radiometric sig-
nature correlated with the host rock alteration and geometry of the
geological unit. Enhanced gridded maps of potassium (K), equivalent
thorium (eTh) and equivalent uranium (eU) were produced and sub-
sequently micro-levelled using a routine developed by Blum (1999)
(Equivalent Th and U means that the concentration of these two
Fig. 3. Field photographs of (a) intercalation of slate and sandstone, (b) serpentinised peridotite in primary contact with dolostone, (c) schistose gabbro, (d) jasper
vein cutting pillow lava (e) jasper-limestone interlayers, (f) pillow lava facing ENE, (g) schistose basalt, and (h) thick (> 30 cm) beds of sandstone and diamictite.
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elements are base on the assumption of equilibrium conditions, thus
their radiation is from the decay product of Bi214 and Tl208). Micro-
levelling filters out most of the seeming residual error left over after the
application of the regular survey gridding and also correct for minor
inconsistencies, and spatially homogenises the data (Elton et al., 2003).
The different histograms of K, eTh, and eU were subjected to histogram
equalisation to provide optimal colour disparity (Supplementary Fig. 2a
to 2c), before combining to generate the ternary map using Geosoft
Oasis Montaj software (Fig. 9). The ternary map is a colour image re-
presenting the refined disparities in the ratios of the three radio-
elements with K assigned to red, eU to blue and eTh to green.
Fig. 4. (a) Field photograph of an isoclinal fold with a steeply east-dipping axial plane parallel to S2 in an interlayer between two sandstone beds of the upper clastic
units, (b) field photograph of a F2 chevron fold (slate of the lower clastic units, Fig. 2), which has affected the bedding-parallel S0-1 metamorphic foliation, (c)
photomicrograph showing F2 folding of S0-1 metamorphic foliation, with the axial planar schistosity S2 defined by chlorite and/or muscovite (crossed polars), (d)
photomicrograph of strongly schistose serpentinite, with the S2 foliation defined by serpentines (crossed polars), (e) and (f) field photographs of (e) F3 kink fold in
slate (lower clastic units, Fig. 2), and (f) F3 crenulation of the steep S2 tectonic foliation in chlorite schist.
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5. Results and interpretation
5.1. Lithological distribution
Magnetic survey is a useful tool in determining the width, depth,
and dip of the magnetic body, magnetic susceptibility, and remnant
magnetisation by mapping the spatial disparity of the magnetic field
strength of the (sub)surface. In regions of stable continental crust, at
depth of about 20–25 km, all rocks lose their magnetism (i.e. above the
Curie temperature of ca. 550° C; Cook et al., 2003; Purucker and
Whaler, 2006). Igneous and metamorphic rocks usually have high
magnetic susceptibilities compared to sedimentary rocks.
The spatial dissemination of K, eTh, and eU that is measured during
airborne radiometric survey reflects their distribution in the upper
30–45 cm of the crust, and can be used to map horizontal lithological
variations, assuming that their distribution in the soil reflects that of the
underlying bedrock (Gregory and Horwood, 1961; Wilford et al., 1997).
In the following sections, the lithological distribution and structures
observed in the aeromagnetic and radiometric maps are described.
Table 1 presents a summary of the major units of the BSU, their mi-
neralogical composition, measured magnetic susceptibility in the field
and concentrations of K, eTh, and eU extracted from the airborne
radiometric data, general features on the geophysical maps and geo-
logical interpretation. A total of 125 rock samples were measured for
their magnetic susceptibility (using a handheld SM 30 magnetic sus-
ceptibility meter), which ranges from 0.02 × 10−3 SI to
106 × 10−3 SI. The measured susceptibilities were used to distinguish
among the various rock units, even though overlaps exist.
Fig. 5. Lower hemisphere, equal-area plots of poles to foliations and orientation of lineations (a) NNW-striking S2 tectonic foliation, (b) fold axes (open diamonds –
B2, shallowly NNW-plunging, filled diamonds – down dip L2 lineations, which plunges to the E-ENE), (c) poles to axial planes of F3 folds (filled squares), B3 fold axis
(open squares).
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5.1.1. Volcanic, mafic plutonic and ultramafic rocks
The volcanic rocks of the BSU are basalt, basaltic andesite, trachyte
and phonolite with tholeiitic and alkaline signatures, together with
pyroclastic rocks (Nude et al., 2015; Kwayisi, 2014). The volcanic rocks
generally show medium to high magnetic susceptibility, with the
alkaline variety having a higher (1.2–55 × 10−3 SI) susceptibility than
the tholeiites (0.02–0.8 × 10−3 SI) and pyroclastic rocks
(0.3–17 × 10−3 SI; Table 1). Gabbro and peridotite have medium to
high magnetic susceptibilities (0.3–106 × 10−3 SI, and
16–55 × 10−3 SI, respectively; Table 1).
Fig. 6. (a) Field photograph of steeply E-dipping sandstone and slate (upper clastic units, Fig. 2) showing bedding-parallel top-to-the-west D2 shearing, (b) detailled
view of the shear zone in Fig. 6a, showing sigmoidal S2 foliation compatible with top-to-the-west sense of shear.
Fig. 7. (a) Total Magnetic Intensity (TMI) map of Ghana showing high and low magnetic intensities of the different geological terrains. The Paleoproterozoic Birimian
rocks show NE-SW-trending magmatic highs and low whereas the N-S magnetic high and low anomalies are represented by the Buem Structural Unit. The other N-S
linear magnetic anomalies, west of BSU, are mafic dyke swarms (see map in Fig. 1b). (b) TMI map of the BSU. Two sets of magnetic high and low anomalies can be
observed: NE-SW- and N-S-trending anomalies. The NE-SW-trending magnetic anomalies are broader and appear to have been superimposed by the N-S magnetic
anomalies. The former could correspond to basement rocks of the BSU (i.e. the Paleoproterozoic Birimian rocks).
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The RTE map for the BSU (Fig. 8a) shows two sets of magnetic
anomalies (i.e. ENE-trending long-wavelength (> 1 km) and N-S-
trending short wavelength (< 1 km). The N-S-trending magnetic
anomalies dominantly show pronounced high-frequency mottled
texture typical of volcanic rocks (Cole et al., 2013) although smooth
texture can also be observed, whereas the ENE-trending long-wave-
length magnetic anomalies show a smooth texture. Correlation with the
available geological map, field and SRTM 3 data of the BSU, suggests
Fig. 8. (a) Reduced-to-the-equator (RTE) aeromagnetic map of the BSU, label 1 on the map represents magnetic highs for the volcanic rocks, and label 2 is for the
mafic–ultramafic rocks. (b) First Vertical Derivative (1VD). Major thrust faults have been interpreted based on cyclic map repetition of the same magnetic signal and
sharp asymmetric changes on the western side of the magnetic highs. These thrust faults were identified in the field in areas where strongly schistose serpentinites are
in contact with or at places overlie the sedimentary rocks. Upward Continuation (UC) maps, (c) Disappearance of the N-S magnetic high and low anomalies, with only
very faint traces in the NE part of the BSU in Upward continued magnetic data at a depth of 3000 m, and (d) Upward Continued Magnetic data at 5000 m showing the
absence of the N-S magnetic high and low anomalies.
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that the volcanic rocks caused the high-intensity magnetic anomalies of
the N-S-trending short-wavelength magnetic signal in the western
portion of the BSU whereas those located in the eastern part correspond
to the presence of the gabbro and peridotite (labelled 1 and 2 in Fig. 8a,
respectively). The volcanic rocks were distinguished from the gabbro
and peridotite by their typical mottled magnetic texture; however, it
was difficult to differentiate the gabbro from the peridotite, as both
show smooth high magnetic signals. On the 1VD map (Fig. 8b), there
are two N-S-trending belts of high magnetic anomalies corresponding to
the volcanic and mafic–ultramafic plutonic rocks of the BSU. Similar
trends can also be seen on the analytical signal map (AS; Supplementary
Fig. 1a).
The Buem volcanic, and mafic–ultramafic plutonic rocks have very
low K contents (< 2%) except for a small portion (2 km2) at the
southwestern corner within the volcanic rocks (labelled × in
Supplementary Fig. 2a). Volcanic and mafic–ultramafic plutonic rocks
occur in areas of low eTh (< 5 ppm; Supplementary Fig. 2b). A small
region of the volcanic rocks at the southwestern corner shows high eTh
concentration. This region coincides with high K values on the K map,
and this could be because of the presence of highly alkaline volcanic
rock type and/or hydrothermal alteration. Lithologies and lithological
boundaries that are clearly delineated on the K and eTh maps are not as
clear on the eU map (Supplementary Fig. 2c). The relative intensities of
K, eTh, and eU were used to generate a ternary map (Fig. 9). The
generated ternary map provides the best visualisation of the radio-
metric intensity that correlates well with the geological features in the
area. The volcanic and the mafic–ultramafic plutonic rocks correspond
to the dark zones on the ternary map (Fig. 9), indicating low con-
centrations of K, eTh, and eU.
5.1.2. Sedimentary rocks
The sedimentary rocks of the BSU have low to moderate magnetic
susceptibility (0.02–1.3 × 10−3 SI). On the magnetic map, the sedi-
mentary rocks exhibit moderate to low magnetic intensities and occupy
Fig. 9. Ternary map of the study area showing relative distribution of the radioelements. Dark areas represent low concentration of all three radioelements and
whitish areas correspond to high concentrations of all three radioelements.
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most of the BSU (Fig. 8a). The magnetic intensities of the sedimentary
rocks are uniform in texture; however, these have been obscured by the
adjacent volcanic and mafic–ultramafic plutonic rocks (Fig. 8b and
Supplementary Fig. 1a). The various units of the sedimentary rocks
(shale, sandstone, diamictite, jasper/chert, and limestone/dolostone) of
the BSU are not easily distinguishable on the magnetic maps. Sedi-
mentary and felsic igneous rocks are generally considered to have
higher concentrations in radiometric elements than mafic igneous rocks
(Ward, 1981; Dickson and Scott, 1997). Accordingly, on the K maps, the
high to intermediate K concentrations (3.0–5.0%) occurring ubiqui-
tously in the BSU, correspond to shale and sandstone (Supplementary
Fig. 2a). However, the regions of high eTh and eU (5.0–8.0 ppm and
2.5–4.0 ppm, respectively) are occupied by shale, with sandstone oc-
curring in regions of low to intermediate eTh (< 6 ppm) and eU (< 5
ppm; Supplementary Fig. 2b and Fig. 2c). High concentrations of all
three elements K, eTh and eU, represented as greenish-white zones
(with eTh higher than K and eU; Fig. 9), coincide with shale, confirming
that the shale has high concentration of the three radioelements relative
to the other sedimentary rocks in the BSU, as shown by geochemical
data of Osae et al. (2006). Areas with low eU and eTh, and high K
concentrations (shown by magenta colour) corresponds to the Buem
sandstone (Fig. 9). The other sedimentary rocks (jasper/chert and
limestone/dolostone) were not readily distinguishable on the radio-
element maps.
5.2. Inferred geological structures from geophysics
Lineaments, such as faults and thrusts, were inferred from the
geophysical maps based on (1) displacement in a prominent linear
feature, (2) a sharp change in amplitude, (3) duplication of magnetic
signals, (4) truncation of a predominantly linear magnetic domain by a
curvilinear feature, and (5) curved magnetic pattern. On the TDR and
1VD maps (Supplementary Fig. 1b and Fig. 8b), several lineaments that
have been interpreted as faults and thrusts can be identified. Overall,
three main fault orientations have been identified: N-S, E-W and NE-SW
faults. Because the N-S magnetic highs are showing (i) cyclic map re-
petition of the same magnetic signal, (ii) sharp asymmetric changes on
their western side and, (iii) a westward-convex shape in map view, they
have been interpreted as west-verging thrust planes (Fig. 8b). On the
whole, three major thrust systems were identified: at the Voltaian-BSU
contact, BSU-TSU contact and sandstone-mafic–ultramafic plutonic
rock contacts within the BSU. The occurrence of mafic–ultramafic rocks
marks the boundaries of these thrust systems depicted by the geo-
physics, and this corroborates what has been reported in the literature
(Wright et al., 1985; Griffis et al., 2002) and observed in the field
(Fig. 10b).
5.3. Depth to the basement of the magnetic source
In Fig. 8a, a conspicuous long-wavelength high and low magnetic
anomaly is observed, trending in an ENE direction, which is continuous
with and along-strike of the regional structures of the WAC to the west
(Fig. 1b and 7a). This may be attributed to a deeper body, probably the
basement of the BSU. On the upward continuation map (Fig. 8c and 8d
and Supplementary Fig. 1c and Fig. 1d), the N-S-trending short-wave-
length high and low magnetic anomalies of the BSU disappear at>
3500 m depth, leaving only the anomalies of the ENE-trending long
wavelength. Hence, it can be inferred that the basement rocks of the
BSU could be at depth> 3500 m.
The depth to the basement of these ENE-trending magnetic bodies
was estimated using the Werner Deconvolution, in one long profile that
is orthogonal to the strike of the geological units of the BSU. This
technique does not require any initial model for the interpretation (Ku
and Sharp, 1983; Jain, 1976; Hartman et al., 1971). Two depth-source
models (i.e., dyke and contact) were assumed. In general, 409 and 384
solutions were obtained for dyke and contact respectively, giving a total
of 793 solutions. Overall, the profile gave a minimum depth to the
basement of 100 m and a maximum depth of 4300 m (Fig. 10). These
values are in agreement with the depth to the source of the long-wa-
velength magnetic anomaly inferred in the upward continuation pro-
cessing of aeromagnetic data (Fig. 8c and 8d and Supplementary Fig. 1c
and Fig. 1d).
6. Discussion
6.1. Tectonostratigraphic record of the BSU
Principal units of the BSU include sandstone, shale, volcanic rocks,
gabbro and peridotite all of which have been metamorphosed at lower
greenschist facies conditions. According to Junner (1940), the sand-
stones are strongly folded and steeply dipping whereas the volcanic
rocks are less deformed, and dip at a lower angle, thus suggesting that
the volcanic rocks of the BSU overlie the sandstones comfortably. Al-
though Crook (1970) agreed with Junner (1940) on the contrasting
deformation record between the sandstones and the volcanic rocks, he
rather suggested that the sandstones overthrust the volcanic rocks.
Conversely, Jones (1990) suggested that the appearance of the sand-
stone units is not related to tectonic folding but that is an original de-
positional (pinch-out geometry) feature, representing overlapping al-
luvial fans. Jones (1990) further argued that folding in the BSU is only
confined to the finer-grained horizons (the shales) and that the entire
BSU is conformable (i.e. absence of thrust horizons) with the volcanic
rocks being the oldest.
Integrated results of our airborne geophysical, field mapping and
structural investigations shed new light on the tectonostratigraphic
evolution of the BSU (Fig. 11a). First, detailed structural mapping in-
dicates that all the rock units of the BSU have been folded along a near-
horizontal NNW-plunging B2 fold axis. Second, we have identified a
thrust contact in the field and in the geophysical maps between the
Buem sandstone and the Voltaian sandstone further northeast (north of
Tutukpene) of the thrust contact shown in the existing geological map
(Fig. 1c and Fig. 11a). This shifts the boundary between the BSU and
Fig. 10. A total of 793 solutions (409 dyke and 384 contact) of Werner deconvolution from a long profile (A-A’) orthogonal to the main strike of the geological units
of the BSU (Fig. 7b). Depth estimation models suggest that the source of the body causing these anomalies could be at> 3500 m. Note that the dyke model is
generally deeper compared to the contact model. In general, the dyke model have been indicated to occur at deeper depth compared the contact method
(Mushayandebvu et al., 2001).
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Voltaian Supergroup further east ( ̴ 5 km) than previously thought. A
similar interpretation of this boundary stems from airborne gravity data
(Ayikwei et al., in prep). Third, new occurrences of mafic–ultramafic
rocks have been identified, increasing the surface or sub-surface cov-
erage of these rocks by ~ 50% (Fig. 11a). However, it should be noted
that a geological map presents a two-dimensional representation of the
surface geology, whereas three-dimensional sources influence the geo-
physical data. Thus, an area with a high magnetic signal can be inter-
preted as mafic–ultramafic rocks on the geophysical map but, if covered
by sediments (non-magnetic body), the field-based geological map will
indicate sedimentary rocks such as the upper sandstone unit (Fig. 11a).
A similar discrepancy also occurs when the radiometric signal is com-
pared to the aeromagnetic signal. As the radiometric signal is sourced in
the top 30 to 40 cm of the earth’s surface, areas of volcanic and mafi-
c–ultramafic plutonic rocks depicted in the aeromagnetic map may
correspond to high K values in the radiometric map, e.g. sandstones
(Fig. 9). Nevertheless, there are many areas where the geophysical
signal matches with the surface geology. To the east of the BSU, in the
regions of Aburuburuwa and Fodome, ultramafic rocks occur at the
boundary between the BSU and the TSU (Fig. 11a). To the west of the
BSU, mafic volcanic rocks and mafic–ultramafic plutonic rocks mark
the boundary with the Voltaian Supergroup. Within the BSU, some
places (e.g. Bontibor) that were mapped as jasper/chert show very high
magnetic anomalies, correlated with the occurrence of ultramafic rocks
in the field. The magnetic data show that, within the BSU, mafic–ul-
tramafic plutonic rocks mostly occur at the boundary between three
main thrust horizons as already noted by Wright et al. (1985), Attoh
(1990) and Griffis et al. (2002) based on field observation.
To sum up, our field lithological and structural mapping suggests
the following tectono-stratigraphy for the BSU (Fig. 2): The base of the
BSU consists of intercalations of slate and meta-sandstone, tectonically
overlain by peridotite (Fig. 3a and 3b). Nonconformably overlying the
peridotite are thin layers of limestone/dolostone and jasper/chert,
which in turn are tectonically overlain by gabbro and volcanic rocks
(Fig. 3b, 3c, and 3f). Thick beds of intercalated chemical sedimentary
units overlie the volcanic rocks (Fig. 3e) with a tectonic contact and are
followed by thick sequences of sandstone and diamictite of varied
composition (Fig. 2 and Fig. 3h), again in tectonic contact with the
underlying rocks.
6.2. Significance of the deformation events
Our detailed field and structural studies indicate that all the units of
the BSU have been intensely folded and weakly metamorphosed. Rocks
of the BSU generally dip moderately to steeply to the east and occa-
sionally to the west. Three distinct deformation events have been re-
cognised within the BSU. D1 is bedding-parallel, poorly preserved and
is observed only in the slate and schist, associated with low-grade
metamorphism, defined by albite and sericite. D2 deformation, which is
the most pervasive and ubiquitous event, partially to entirely trans-
posed D1 planar fabrics and produced the moderate to steeply ENE-
dipping S2 foliation, F2 regional folds, shear zones, and the down-dip,
ENE-plunging L2 lineation. Sense of shear indicators, such as the sig-
modal foliation associated with down-dip L2 lineation within the D2
shear zones, and the west-verging F2 folds, document a top-to-the west
shearing. West-verging thrust planes are compatible with the cyclic
repetition, sharp asymmetric magnetic high signals observed in the
magnetic maps, and the westward-convex shape of magnetic linea-
ments in map view (Fig. 8b). Curved thrust belts are typical of pro-
gressive oroclines that show convex-shape thrusts in map view towards
the direction of movement (e.g. Johnston et al., 2013). Attoh (1998)
and Agbossoumonde et al. (2002) proposed that E-W shortening
Fig. 11. (a) Interpreted geological map from the aeromagnetic and radiometric data and ground truthing. Note that the mafic/ultramafic and volcanic rocks mark the
thrust boundaries between the BSU and Togo Structural Unit/Voltaian Supergroup as well as within the BSU. The detailed investigated area of shown in Fig. 12b is
marked by a box. (b) Detailed geological map of a traverse across the BSU fom Tutupkene through Bontibor into the TSU, and (c) a cross-section produced from the
Tutupkene-Bontibor traverse. Colour code for maps and cross-section is identical to Fig. 1c.
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resulted in the development of N-S-striking and E-dipping structures, in
the (U)HP rocks of the PSZ, ~ 50 km east of the BSU (Attoh et al.,
2006). This E-W shortening was active around 615–605 Ma and cor-
responds to the age of HP metamorphism in the PSZ (Affaton et al.,
2000, Hirdes and Davis, 2002). It is therefore likely that the dominant
N-S-striking and E-dipping S2 cleavage that is ubiquitous in the BSU is
related to this E-W shortening active during the Pan-African orogeny at
the southeastern margin of the WAC.
Locally, S2 structures are folded by F3 open and kink folds during
D3 deformation. D3 deformation may be as a result of a weak NW-SE
shortening. D3 fabrics in the BSU might be correlated with the NE-SW-
striking fabrics that exhumed the HP rocks in the southern part of the
PSZ (Attoh et al., 2007), dated at ~ 587–567 Ma (Ar-Ar ages of horn-
blende) and 586–578 Ma (U-Pb dating of titanite). The change of oro-
genic structural grain from N-S to NE-SW trending southwards in the
PSZ has been interpreted to be caused by the rotation of the regional
tectonic shortening directions from E-W at 615–605 Ma to NW-SE-
trending at 587–567 Ma during transition from continental subduction
to continent–continent collision (Attoh et al., 1997; 2006). Little is
known about the significance of this NW-SE shortening in the PSZ.
Castaing et al. (1994) and Toteu et al. (2004) have proposed that it
resulted from the collision of the amalgamated WAC-BNS with the
Congo Craton at ca. 600–580 Ma. Nevertheless, the shared deforma-
tional history between the BSU and the PSZ suggest similar tectonic
processes in both domains, marked by continental subduction of the
WAC beneath the BNS at 610–605 Ma (Affaton et al., 2000, Hirdes and
Davis, 2002), followed by exhumation of the subducted WAC pro-
montory at 580–560 Ma (Attoh et al., 1997; 2006).
6.3. Anatomy of the Buem structural Unit and its implication to the
Dahomeyide Orogen
One important observation made from the geophysical data is the
conspicuous ENE-trending long-wavelength magnetic anomalies. Depth
estimation models suggest that the source of the body causing these
anomalies could be at depth > 3500 m. These deep-seated anomalies
are broadly parallel to the S3 structures of the BSU; they might,
therefore, be interpreted as long-wavelength F3 buckles of a deep and
shallow-dipping interface. This possibility may be ruled out because
there is no change in orientation of the overlaying N-S-trending mag-
netic anomalies across the ENE-trending long-wavelength anomalies.
Instead, these long-wavelength magnetic anomalies appear continuous
with the Paleoproterozoic Birimian structural grain characteristic of the
WAC (Fig. 1b and 7a). It is therefore suggested that the WAC under-
thrust the BSU with a sole thrust at a depth of > 3500 m. This is in
agreement with Attoh (1998) and Attoh and Nude (2008) who used
field data to suggest that west-directed overthrusting of the BSU and
TSU onto the eastern margin of the WAC resulted in nappe stacking and
crustal imbrication.
On the 1VD and the TDR maps (Fig. 8b and Supplementary Fig. 1b,
respectively), the mafic–ultramafic plutonic rocks appear as tectonic
slices, marking the boundary of the thrust sheets within the BSU and at
the contact between the BSU and the Voltaian or TSU. The thrusts were
identified in the field by juxtaposition and structural repetition of sec-
tions of metasedimentary and mafic–ultramafic rocks (Fig. 11b and
11c). Such repetition of metasedimentary and mafic rocks has been
observed in other Pan-African belts e.g. the Matchless Amphibolite belt
of the Damara Orogen (Meneghini et al., 2017). In the Matchless Am-
phibolite belt, top-to-the-SE thrusting has been inferred as a result of
the juxtaposition and structural repetition of sections of metasediments
and metamafic rocks (Meneghini et al., 2017). Massive and pillow ba-
salts (tholeiitic affinity), gabbros, with less common ultramafic bodies,
sheeted dykes, and rare lenses of metalimestones and metacherts are
preserved within the Matchless Amphibolite belt. These units have been
interpreted as a deformed remnant of an ophiolite section (slices of the
lower plate) accreted during the Pan-African orogeny (Meneghini et al.,
2017). Affaton et al. (1997), Asiedu et al. (2008) and Nude et al. (2015)
suggested, based on the geochemical characteristics of the mafic–ul-
tramafic rocks of the BSU, that the BSU is a fragment of oceanic li-
thosphere, formed in a divergent setting. The BSU is located to the west
of the PSZ, and thus could be part of the lower plate stripped off during
subduction and accreted onto the southeastern margin of the WAC. Our
detailed structural and geophysical studies have indicated that rocks of
the BSU underwent a top-to-the-west shearing during D2 deformation
with steeply dipping thrust faults (Fig. 11b and 11c). The Lachlan Fold
Belt of southeastern Australia shows similar steep dips of thrust faults
that flatten at depth over a rigid basement (Glen and VandenBerg,
1987). Accordingly, deformation in the BSU might have occurred
during underthrusting of old, rigid continental crust (the Paleoproter-
ozoic Birimian rocks of the WAC) with a major decollement at the base
of the BSU.
The occurrence of both shallowly and steeply-dipping fabrics, the
rock association (marine and continental) and the location (on the
lower plate, along plate margin at the front of the Dahomeyide arc
crust, west of the PSZ, suggest that the BSU might have evolved from
early accretion of oceanic crust and passive margin sedimentary units to
later inversion during closure of an oceanic basin. Detrital zircon ages
of the sediments of the BSU indicate the existence of older (younger
than 950 Ma; correlated to the passive margin units of the lower
Voltaian Supergroup) and younger (600 Ma; correlated to the foreland
basin units of the middle Voltaian Supergroup) sediments (Kalsbeek
et al., 2008; Ganade de Araujo et al., 2016). This information is crucial,
as it suggests the overall evolution of the Dahomeyide Orogen from an
initial formation of passive margin sedimentary sequences and mafi-
c–ultramafic magmatic products at or younger than ca. 950 Ma
(Kalsbeek et al., 2008), followed by tectonic inversion and deformation
(initiation of convergence, ca. 750 Ma; Ganade de Araujo et al., 2016)
during the subduction and subsequent collision of the WAC with the
BNS (ca. 610 Ma; Ganade de Araujo et al., 2014). Similar geodynamic
evolution has been proposed for other Pan-African belts surrounding
the WAC: Pharuside/Hoggar belt (Caby, 2003; Liégeois et al., 2003),
Anti-Atlas belt (Hefferan et al., 2000, 2002), and Rokelide belt
(Villeneuve and Cornée, 1994). It can be concluded that the BSU is an
allochthonous fold and thrust belt accreted and thrust onto the south-
eastern margin of the WAC during the Pan-African orogeny.
Importantly, there are two regions with rocks that share similarities
with the BSU within the Trans-Saharan mobile belt in Western Africa
and its continuity in Brazil (Fig. 12). First, in northern Mali, the
Timétrine massif of the Hoggar-Ifora consists of serpentinized perido-
tites and ocean-derived assemblages (metavolcanic and chemical sedi-
mentary rocks), which are in close spatial association with passive
margin sedimentary rocks (Caby, 2014). Caby (2014) interpreted this
association as a typical ocean-continent transition (OCT) ophiolite
where sub-continental mantle was exhumed along low-angle detach-
ment faults, followed by the formation of ocean-derived assemblages
and passive margin units. Second, in the Novo Oriente Group of the
Borborema province, NE Brazil, the occurrence of sheared ultramafic
rocks together with metavolcano-sedimentary rocks of passive margin
geochemical signature led Granade de Araujo et al. (2010) to propose
two distinct scenarios for the formation of these rocks: a magma-poor
rifted passive margin or a restricted rift-related basin. This along-strike
correlation between the BSU, Timétrine massif and Novo Oriente Group
would imply the existence of a discontinuous, 2500 km-long OCT
formed during the fragmentation of Rodinia.
7. Conclusion
Integrated structural and airborne geophysical data have been used
to delineate magnetic bodies and infer the 3D architecture and tectonic
evolution of the BSU. A more substantial occurrence of mafic and ul-
tramafic, and sedimentary rocks occurs within the BSU than previously
reported in the literature, which has been affected by three deformation
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events. The main deformational event, D2 reveals top-to-the west
shearing, which is attributed to E-W shortening, involving continental
subduction and collision during the Pan-African orogeny. Aeromagnetic
data are interpreted as showing that the WAC is present under the BSU
at depths > 3500 m, implying overthrusting of the BSU onto the WAC.
Field relations, structural, aeromagnetic and radiometric data suggest
that the entire BSU is a fold and thrust belt, which contains dis-
membered fragments of oceanic crust. The general tectonic framework
of the BSU could suggest that the Pan-African Dahomeyide Orogen
might have formed from geological processes involving accretion of
mafic–ultramafic rocks and passive margin sedimentary sequences, and
their inversion during continent–continent collision. The similarities of
the deformation history and rocks association (fragment of oceanic li-
thosphere) of the BSU with some of the PSZ rocks could connote a
genetic relationship. However, major and trace elements, isotopic and
geochronological studies are needed to test this hypothesis.
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